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A bstract
An e f f ic ie n t  methodology fo r  using commercial flow sheeting programs 
w ith  advanced mathematical programming algorithm s has been developed fo r  
the o p tim iza tio n  o f operating p la n ts . The methodology was demonstrated 
and v a lid a te d  using ChemShare C orporation 's  DESIGN/2000 sim ulation of 
the Freeport Chemical Company's p la n t fo r  s u lfu r ic  acid manufacture and 
th ree non linear programming techniques; successive lin e a r  programming, 
successive quadratic  programming and the g enera lized  reduced grad ien t 
method.
The ap p lic a tio n  of th is  methodology begins w ith  the development of a 
fe a s ib le  base case s im u la tio n . P a r t ia l  d e r iv a tiv e s  o f the economic 
model and co n s tra in t equations are computed using fu l ly  converged simu­
la t io n s . This in form ation  is  used to  form ulate an optim iza tio n  problem 
which can be solved w ith  the NLP algorithm s g iv ing  improved values of 
the economic model. A l in e  search is  constructed through the point 
found from the non linear programming algorithm  to fin d  the best fe a s ib le  
po in t to repeat the procedure. The procedure is  repeated using the 
ChemShare s im ulation program and the NLP code u n t il convergence c r i t e r ia  
are met. The algorithm s were applied  on an i t e r a t iv e  basis such th a t  
the engineer m aintained an a c tiv e  ro le  throughout the course o f the op- 
tim i z a t i on.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
This method was app lied  to th ree  flow sheeting problems; a p lan t scale  
contact s u lfu r ic  acid process model, a packed bed reac to r design model, 
and an a d ia b a tic  fla s h  problem. The re s u lts  of the o p tim iza tio n  studies  
in d ic a te  th a t the th ree  algorithm s in v e s tig a te d , SLP, SQP and GRG, lo ­
cated the optimum of the economic model and s a t is f ie d  the c o n stra in ts  a t 
s im ila r  le v e ls  o f e f f ic ie n c y . This e f f ic ie n c y  is  eq u iva len t to those 
observed by other workers using s im ila r  sim ulation models. One impor­
ta n t conclusion from th is  work is  th a t the method of a p p lic a tio n , which 
includes the se lec tio n  of fe a s iD le  versus in fe a s ib le  path , l in e  search 
param eters, and the means fo r  ob ta in ing  d e r iv a tiv e  data , is  more s ig n if ­
ic a n t than the nature of the o p tim iza tio n  a lgorithm .
Future research in to  flow sheeting and o p tim iza tio n  should attem pt to 
determ ine, e s ta b lis h  and standardize e f f ic ie n t  and r e l ia b le  methods fo r  
the evalu atio n  o f function  and d e r iv a tiv e  in form ation necessary fo r  op­
t im iz a t io n . The importance of scaling to the e f f ic ie n c y  and success of 
SQP methods in d ica tes  th a t fu tu re  research in th is  area should seek to 
e s ta b lis h  procedures fo r  determ ining optimal scaling sets.
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Chapter I
PROCESS FLOWSHEETING AND OPTIMIZATION
A In tro d u ctio n
The in te re s t  in computer-aided process design is  evident by the hun­
dreds of jou rn a l a r t ic le s  appearing each month on various CAD 
to p ic s (3 0 ). Two o.f the most im portant o f these top ics  are flow sheeting  
and o p tim iza tio n . The use of large flow sheeting programs to solve mass 
and energy balances associated w ith  the design and sim ulation of chemi­
cal p lan ts  provides many advantages over the more t r a d it io n a l methods of 
performing these c a lc u la tio n s . S im ila r ly , the continuing development of 
nonlinear constrained o p tim iza tio n  software has reached the stage where 
i t  can be app lied  to larg e  in d u s tr ia l p la n t o p tim iza tio n .
Flowsheeting and o p tim iza tio n  software are not to o ls  ro u tin e ly  used 
by the p ra c tic in g  engineer. Both top ics  are r e la t iv e ly  complex. Flow­
sheeting systems req u ire  the use of soph isticated  computer programs. 
Likew ise, op tim iza tio n  theory is  q u ite  form idable. A substantia l in ­
vestment in time and money is  requ ired  to develop the exp ertise  needed 
fo r  s im ulation and o p tim iza tio n  o f in d u s tr ia l processes. A lso, the re ­
search on flowsheeting and o p tim iza tio n  has been performed by workers 
who use th e ir  own flow sheeting packages and often times have w ritte n  
th e ir  own o p tim iza tio n  a lgorithm s. However, now there are several com­
m ercial flow sheeting systems and optim iza tio n  packages th a t are a v a i l ­
able and th a t can a ffo rd  the p ra c tic in g  engineer the to o ls  needed to
1
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2implement o p tim iza tio n  in the design of new p lan ts  or in the operation  
of e x is tin g  ones.
The ob jec tives  of th is  research are to in v e s tig a te  the use o f these 
a v a ila b le  software systems fo r  purposes of sim ulation and o p tim iza tio n . 
How w ell w i l l  a commercial s im ulator model an in d u s tr ia l p lan t and how 
and what is  involved in the process? How compatible are the c u rre n tly  
popular op tim iza tio n  techniques w ith  these flow sheeting packages? What 
is  involved in using the flow sheeting and o p tim iza tio n  programs together 
fo r  p lan t op tim ization? These are the types o f questions th a t must be 
answered i f  the p ra c tic in g  engineer is  to apply s im ulation and op tim iza­
tio n  to  the design and operation of in d u s tr ia l p la n ts . The purpose of 
th is  research is  to provide answers to these questions.
In th is  chapter a review is  given of the status of flow sheeting s o ft­
ware and of the classes of op tim iza tio n  algorithm s th a t have shown the 
most p o te n tia l fo r  a p p lic a tio n  to computer-aided design softw are. This 
w il l  provide the background to show the research needed to in te g ra te  
these two areas.
B An Overview o f Flowsheeting Systems
In th is  section flow sheeting is  d e fin ed , and the advantages and d is ­
advantages are given fo r  these programs. Following th is  background in ­
fo rm ation , the functions as w ell as the cu rren t status o f the basic 
elements of a flow sheeting system are described.
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3B -l D e fin it io n  and Background
W esterb erg (l) has defined the term flow sheeting as the use of comput­
ers to perform heat and mass balancing, s iz in g , and costing c a lc u la tio n s  
fo r  chemical processes. Flowsheeting as i t  is  p resen tly  practiced  has 
i t s  o r ig in  in or about 1955. Throughout the la s t  t h i r t y  years , flo w ­
sheeting has evolved as a re s u lt  o f improvements in high speed computer 
technology. As computer technology has developed and cost fo r  cpu time 
has dropped, flow sheeting programs have become la rg e r , more f le x ib le ,  
and more po w erfu l.
The development of a flow sheeting system ty p ic a lly  may requ ire  20-60  
man years spread out over 3-5 years and cost m illio n s  o f d o lla r s (2 ) .  
These systems are very complex. During the la s t  ten to twenty years  
flow sheeting programs have been developed in u n iv e rs it ie s , by service  
companies, and by major in d u s tr ia l corporations. The ones developed at 
u n iv e rs it ie s  were w ritte n  fo r  use by engineering fa c u lty  and students. 
In form ation about these programs is  g en e ra lly  a v a ila b le  from the re ­
searchers who developed them. Examples of these programs are PROPS, AS­
CEND, and SPEEDUP. O thers, developed by service companies such as the 
ChemShare Corporation and Sim ulation Sciences, In c . ,  are expressly fo r  
the purposes of commercial sale and lease. These programs have to bear 
up to the pressures of a com petitive market and are usually  w ell sup­
ported and c o n tin u a lly  upgraded. In form ation on these programs is  
a v a ila b le  through sales dem onstrations, user's  manuals, and promotional 
l i t e r a t u r e .  The la s t  category is  comprised of programs developed by 
major petroleum and chemical companies fo r  use on th e ir  own design and
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sim ulation problems. Very l i t t l e  in form ation has been reported about 
these c o n fid e n tia l programs. Examples o f such programs are DOW Chemical 
Company's DOWSIM, Exxon C orporation 's  COPE, and Shell O il Company's 
CHEOPS.
Flowsheeting programs o f fe r  s ig n if ic a n t  advantages to  the engineer.
The fo llo w in g  l i s t  of advantages was compiled from the 1979 textbook,
Process Flowsheeting (1 ) .
1. Flowsheeting systems u t i l i z in g  soph isticated  physical p ro p erties  
packages provide re s u lts  th a t are consisten t throughout the simu­
la t io n  due to the use of the same data and estim ation procedures.
2. Chances fo r  s ing le  e rro rs  are g re a tly  reduced.
3. The a b i l i t y  to make m u ltip le  runs helps id e n t ify  param etric trends
and allows fo r  case stud ies .
4. A more r e a l is t ic  comparison of a lte rn a te  designs may be made by 
using the same design equations and physical property data.
Associated w ith  these considerable advantages are some note worthy d is ­
advantages. The fo llo w in g  l i s t  o u tlin e s  the weaknesses of flow sheeting  
programs.
1. Flowsheeting programs have a lim ite d  scope and no one flow sheeting  
system performs a l l  engineering tasks. A steady s ta te  sim ulator 
w i l l  not model a dynamic process. A design o rien ted  system is  not 
l ik e ly  to possess the rigorous models needed fo r  s im u la tio n .
2. The in s ig h t and exp e rtis e  o f experienced design engineers may be 
hampered.
3. U n it operations l ib ra ry  modules are in f le x ib le  and provide l i t t l e  or 
no la t itu d e  fo r  adjustment by the programmer.
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54. These programs are g en era lly  very larg e  w ith  some re q u irin g  in ex­
cess o f 3 .5  megabytes o f storage. They may contain bugs or unusual 
procedures th a t are not obvious and which are not ad ju s tab le  by the 
engineer. As a re s u lt  the program may not converge to an answer or 
may lead to an a lto g e th e r in c o rre c t answer.
5. The programs re q u ire  an investment in tra in in g  time and in computer, 
manpower and ro y a lty  costs th a t may be more than warranted by the  
scope or com plexity o f the problem. This concern is  p a r t ic u la r ly  
im portant i f  the costs are high and the u t i l i z a t io n  is  low.
With these general comments on flo w sh eetin g , the discussion w i l l  now 
move to the d escrip tio n  o f the various elements o f a flow sheeting sys­
tem. The cu rren t s tatus o f each of the elements is  given through th is  
d e s c rip tio n .
B-2 Elements o f a Flowsheeting System
As stated e a r l ie r ,  these computer software systems have been evolving  
fo r  the la s t  th ree decades. Consequently, they have become very large  
and complex. However, there  are s im i la r i t ie s  between a l l  of these sys­
tems. Evans(2) has d iv ided  the general flow sheeting system in to  a se­
r ie s  o f basic b u ild in g  blocks. These b u ild in g  blocks are re fe rre d  to as 
elem ents. Figure 1-1 dep icts  the various elements in a flow sheeting  
system. These elements are the models, a lgorithm s, software and user 
in te rfa c e  th a t are used w ith  a d ig i ta l  computer and appropria te  software  
to  sim ulate a s p e c if ic  process. The fo llo w in g  discussion w i l l  address 
each element in more depth.
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6Figure 1 -1 . Elements of a Flowsheeting System (2 )
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7B -2.1 Models
This element is  comprised o f the mathematical models fo r  the various  
u n it operations th a t make up in d u s tr ia l processes. The models are math­
em atical form ulations o f a set of non linear a lg eb ra ic  equations which 
can be w ritte n  as:
output va ria b le s  = f ( in p u t  v a r ia b le s ) (1 -1 )
Here the input v a ria b le s  include the in le t  stream flo w ra te s , temper­
a tu res , pressures, and compositions. Also included are the u n it d e fin ­
ing parameters or model v a ria b le s  such as re ac to r mode, e .g . isothermal 
or a d ia b a tic , compressor e f f ic ie n c y  and reaction  sto ichiom etry th a t spe­
c ify  the operation and performance of the u n it model. The output v a r i ­
ables include the o u t le t  stream flo w ra te s , tem peratures, pressures, and 
compositions in ad d itio n  to performance and s iz in g  re s u lts , and in te rn a l 
variab les  such as stage temperatures and K values.
A u n it operation model is  a set of equations w ith  input and output 
v aria b le s  th a t can be expressed as:
l ( u , x , y , z , r ) = 0  (1 -2 )
where u is  the vector of model v a r ia b le s , x is  the vector of in le t  
stream v a ria b le s , y is  the vector of o u t le t  stream v a r ia b le s , z is  the 
vector o f in te rn a l or re te n tio n  v a r ia b le s , and r represents the re s u lts  
v a ria b le s . The model v a r ia b le s , u , are the u n it d e fin in g  parameters
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th a t are needed to specify  the performance o f the u n it operations, e .g . 
compressor e f f ic ie n c y , number o f e q u ilib riu m  stages, fla s h  temperature  
and pressure, e tc . The in te rn a l v a r ia b le s , z , are in term ed iate  values 
which are not requ ired  elsewhere in the c a lc u la tio n s , e .g . in term ed iate  
values o f recycle  loop v a r ia b le s . The re s u lts  v a r ia b le s , r , are the 
performance and s iz in g  re s u lts  th a t are not required during the conver­
gence o f the flow sheet but are c a lc u la te d  a f te r  the sim ulation has con­
verged, e .g . re a c to r and heat exchanger s iz in g .
The to ta l number o f equations fo r  any sim ulation model equals the sum 
of the o u t le t ,  in te r n a l,  and re s u lts  v a r ia b le s . The number of degrees 
o f freedom equals the to ta l number o f model and in le t  stream v a ria b le s .  
O rd in a r ily , there  are a large  number o f in te rn a l v a ria b le s  compared to  
the numbers of model and in le t  stream v a ria b le s . For example the in te r ­
stage tem peratures, pressures, compositions, e tc . fo r  a m ultis tage reac­
to r  or fo r  a d i s t i l l a t io n  column are in te rn a l v a r ia b le s . As a re s u lt  
the to ta l number of equations is  g e n e ra lly  much la rg e r than the number 
of degrees of freedom due to the large number o f in te rn a l v a r ia b le s .
In terms o f these types o f v a r ia b le s , there  are two im portant d is ­
t in c tio n s  th a t must be made w ith  respect to design and s im u la tio n . I f  
the problem is  form ulated such th a t input v a ria b le s  and output v ariab les  
are s p ec ified  and the u n it d e fin in g  parameters or model va ria b le s  are 
ca lcu la ted  then the problem is  a design problem. I f  the u n it operations  
are s p ec ified  and the p lan t accu ra te ly  modeled such th a t the o b jec tive  
is  to determine the performance of the p lan t then the problem is  a simu­
la tio n  problem. For a design problem the performance of the p la n t is
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9sp e c ifie d  and the u n it  operations are designed to meet th a t o v e ra ll per­
formance. For a sim ulation problem the p la n t model is  s p ec ified  and the 
performance of the p la n t is  c a lc u la te d . Design problems req u ire  costing  
and s iz in g  routines to complete the design c a lc u la tio n s  in accordance 
w ith  the s p ec ified  performance c r i t e r ia .  Sim ulation problems requ ire  
accurate and rigorous models to sim ulate the p lan t behavior so th a t the 
c o rrec t p lan t performance is  re fle c te d  by the s im ulation .
I t  is  im portant to make th is  d is t in c t io n  because i t  in p art defines  
the o b jec tives  o f and imposes l im ita t io n s  on the use o f the flow sheeting  
softw are. This is  p a r t ic u la r ly  s ig n if ic a n t  w ith  respect to  the use of 
o p tim iza tio n  algorithm s in combination w ith  the flow sheeting programs. 
The use of a flow sheeting package to design a process has to take in to  
consideration  the costing and s iz in g  o f equipment. For the design prob­
lem i t  is  neccessary to  f in d  a so lu tion  th a t s a t is f ie s  the desired p lan t  
performance s p e c if ic a tio n s . The use o f a flow sheeting system to simu­
la te  an e x is tin g  p lan t must take in to  consideration  more d e ta ile d  and 
rigorous equipment models. For the s im ulation problem the p lan t model 
must accu ra te ly  r e f le c t  the performance o f the un its  under a re a liz a b le  
range o f operating con d itio n s. The a b i l i t y  to use a given o ptim ization  
technique w ith  a flow sheeting package and the fo rm ulation o f how the two 
programs are combined is  u lt im a te ly  determined by which flow sheeting ob­
je c t iv e ,  design or s im u la tio n , is  being pursued.
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B -2.2  Algorithms
This element is concerned w ith  the so lu tion  of the equations gener­
ated by the models. There are th ree  general approaches to the so lution  
o f these equations, the sequential modular, the equation o rie n te d , and 
the tw o -t ie r  methods. The sequential modular approach executes the c a l­
c u la tio n s  of the in d iv id u a l models s e q u e n tia lly . I t  is  the most w idely  
used method and is  the only technique u t i l iz e d  by commercial s im ulators. 
The equation orien ted  method solves a l l  of the equations sim ultaneously. 
I t  is  being researched a c t iv e ly  a t several u n iv e rs it ie s  and probably in  
in d u stry . The tw o -t ie r  approach t r ie s  to  take advantage of the other 
two methods and uses simple models in a d d itio n  to the rigorous ones in  
an e f f o r t  to  reduce c a lc u la tio n  tim e. Although in d u s tr ia l in te re s t  has 
been increasing in th is  approach, re s u lts  have come almost e n t ir e ly  from 
u n iv e rs ity  research.
Each o f these approaches is  discussed fu r th e r  below. In reviewing  
these algorithm s, the general approach o f the technique is  presented 
f i r s t .  Then the r e la t iv e  advantages and disadvantages are o u tlin e d , and 
a p p lic a tio n s  of each approach are presented. In  section D a b r ie f  anal­
y s is  o f the s u it a b i l i t y  o f each procedure fo r  op tim iza tio n  a p p lica tio n s  
is  given.
B -2.2a The Sequential Modular Method
This approach to flow sheeting s e q u e n tia lly  executes the c a lc u la tio n s  
of the u n it operation subroutines. The u n it operation models are 1o-
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cated in a system l ib r a r y  and are c a lle d  by the executive portion  o f the  
program. Each u n it operation is  a subroutine th a t ca lc u la te s  the o u t le t  
stream va ria b le s  as functions o f the in le t  stream v a ria b le s  and the de­
f in in g  parameters th a t determ ine the performance o f the u n it . The set 
o f non linear a lg eb ra ic  equations th a t is  solved by each u n it subroutine  
is  of the form o f equation ( 1 - 2 ) .  The subroutines are c a lle d  sequen­
t i a l l y  in turn to obtain a s im ulation o f the o v e ra ll process. Recycle 
streams must be torn  and are converged on an it e r a t iv e  basis .
The so lu tion  o f a flow sheet by the sequential modular approach re ­
quires p a r t it io n in g  the flow sheet, s e lec tin g  te a r  streams, nesting the 
computations and determ ining the computation sequence. P a r tit io n in g  re ­
fe rs  to the id e n t if ic a t io n  o f the c o lle c tio n s  o f u n its  or blocks th a t  
must be solved to g eth er. Tearing re fe rs  to the s e lec tio n  o f the recycle  
streams th a t w i l l  be given i n i t i a l  guesses so th a t the flow sheet is  made 
a c y c lic . Nesting is  the procedure th a t determines which te a r  streams 
are to be converged sim ultaneously and in which order. F in a lly ,  the  
computational sequence is  determined once the nesting is  completed.
The Wegstein method is  the one most commonly used fo r  convergence ac­
c e le ra tio n . With th is  technique i t  is  necessary to separate ly  converge 
recycle streams and then to  converge to  o v e ra ll to le ran ce  s p e c if ic a ­
t io n s . Recently , N ew ton-like methods to  solve both recycle  streams and 
process s p e c ific a tio n s  sim ultaneously have been used. For example 
Broyden's method has been found to be e f fe c t iv e  and is  used in the ASPEN 
system (6 ,7).
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Some o f the advantages of the sequential modular approach a re (2 ,2 1 ):
1. Models o f in d iv id u a l un its  can be prepared and tested  separate ly  as 
in d iv id u a l subroutines.
2. The so lu tion  method fo r  a s ing le  u n it module can be optim ized.
3. Input can be e a s ily  checked fo r  completeness, consistency, and accu­
racy.
4. New un its  are e a s ily  added because o f the modular s tru c tu re . The 
so lu tion  s trategy is  not a ffe c te d  by these new modules.
5. Less core storage is  requ ired  in comparison to equation orien ted  
techniques.
6 . These programs work, are a v a ila b le , and are more fa m il ia r  to engi­
neers .
For sim ulation problems in which the feed va ria b le s  and the design 
va ria b le s  are s p ec ified  i t  is  only necessary to  apply the sequential 
c a lc u la tio n  procedure one tim e. However, fo r  design problems some of 
the design va ria b le s  usually  are not s p ec ified  and fo r  o p tim ization  
problems both feed and design v a ria b le s  may not be s p e c ifie d . Conse­
qu en tly , these problems req u ire  several ite ra t io n s  of the ca lc u la tio n  
procedure to reach convergence. This is  an im portant disadvantage of 
th is  method.
In Table 1-1 s ix commercial flow sheeting programs are lis te d  together 
w ith  some o f th e ir  c h a ra c te r is t ic s . The ta b le  in d icates  th a t commer­
c ia l ly  a v a ila b le  sim ulators have been developed by each of the th ree  
sources o u tlin ed  e a r l ie r .  The number of a v a ila b le  equipment modules, 
the number o f data base chemical components, and the lim ita t io n s  on
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Table 1 -1 . Commercially A v a ila b le  Sequential Modular 
Flowsheeting Systems
Number of
Equipment Data Bank Flowsheet Maximum Lim its
Program Developer Modules Components Streams-Components-Units
FLOWTRAN Monsanto 38 180 * 25 *
ASPEN M. I .  T. 38 648 - NO LIMIT -
DESIGN/2000 ChemShare
Corporation
35 850 - NO LIMIT
PROPS U n iv e rs ity  
of Arkansas
13 98 100 20 50
PROCESS Sim ulation  
Science In c .
17 650 150 50 75
CONCEPT AAA
Technology
4 types * * * *
* inform ation u navailab le
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flow sheet size are im portant considerations in the se lec tio n  of a gener­
al purpose flow sheeting system.
B-2.2b Equation O riented Methods
The equation orien ted  approach uses the same u n it  operation models as 
the sequential modular approach. However, these modules are not tre a te d  
independently. Rather than preparing subroutines th a t compute output 
v a ria b le s  as functions of input v a r ia b le s , the equation orien ted  ap­
proach generates the equations fo r  the e n t ire  flowsheet and then solves 
them sim ultaneously as a system o f n on linear a lg eb ra ic  equations. There 
is  no p a r t it io n in g , te a rin g  or nesting as there  was in the sequential 
approach. The problem can be m athem atically  form ulated as
solve: f  ( x , u ) = 0 (1 -3 )
where x is  the vector of dependent va ria b le s  and u is  the vector of 
independent v a r ia b le s . This is  the same equation as (1 -2 )  except th a t  
the v a r ia b le  set is  p a r tit io n e d  in to  two groups, independent and depend­
en t, in accord w ith  the approach used to solve the flow sheet equation  
se t. The independent varia b le s  u normally include u n it d e fin in g  param­
e te rs  or model v a ria b le s  and feed stream v a ria b le s , x and y . The de­
pendent v a ria b le s  include a l l  in term ed iate  and product stream v a ria b le s , 
y and z , re s u lts  v a r ia b le s , r , and in te rn a l or re te n tio n  v a r ia b le s , 
z. Thus, the basic approach o f the equation method is  to t r e a t  the u n it  
operation equations -  mass and energy balances, physical property co rre ­
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la t io n s , e tc . -  as a simultaneous n on linear system which can be solved 
by an e f f ic ie n t  a lgorithm .
The e a r l ie r  equation orien ted  approaches represented chemical proc­
esses by systems o f lin e a r  e q u atio n s(9 ,1 0 ,1 1 ,1 2 ) .  For extensions to  
n onlinear processes, the non linear model was lo c a lly  lin e a r iz e d  and the 
so lu tion  to  the lin e a r iz e d  model then was used as an improved estim ate  
fo r  the so lu tion  o f the non linear model(1 3 ,1 4 ) .  This approach worked 
w ell fo r  separation processes but could not be used fo r  flowsheets con­
ta in in g  reactors  or o ther un its  w ith  strong connections among the d i f ­
fe re n t components. In other words, the lin e a r iz a t io n  approach did  not 
work i f  the problem included s ig n if ic a n t  n o n lin e a r it ie s . Thus, the 
equation orien ted  approach has become acceptable fo r  c e rta in  types of 
flow sheeting problems such as lin e a r  m ateria l balances and m u ltip le  d is ­
t i l l a t i o n  columns. However, implementation of these programs fo r  large  
scale o p tim iza tio n  and design problems w i l l  re q u ire  fu r th e r  developments 
in the areas o u tlin e d  by Shacham(15) and l is te d  below.
1. Data input v e r if ic a t io n  fo r  correctness is  needed fo r  equation o r i ­
ented programs.
2. Equation or u n it  ordering is  a c r i t ic a l  fa c to r  in ob ta in ing  an e f f i ­
c ie n t s o lu tio n . Pre-ordering  s tra te g ie s  need development and re ­
finem ent.
3. Development o f a row d ire c te d  sparse m atrix  e lim in a tio n  technique is  
requ ired  since the Jacobian is  a sparse m a trix .
4. A system atic method fo r  in i t i a l i z in g  the unknowns needs to be d evel­
oped to  assure s tab le  and rap id  progress towards the problem's so l­
u tio n .
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5. Enhancement of the Newton-Raphson method to  improve s t a b i l i t y  would 
fu r th e r  augment i ts  s u it a b i l i t y  to these programs. Shacham recom­
mends a c o n tin u a tio n -typ e  version.
6. A standardized thermodynamics in te rfa c e  needs to  be developed fo r  
equation orien ted  programs so th a t e x is tin g  thermodynamic packages 
can be c a lle d  by these programs.
Although equation solving techniques possess s ig n if ic a n t  p o te n tia l 
advantage in the form of rap id  convergence and design o p tim iza tio n  there  
are nonetheless th ree  major disadvantages th a t have hindered the use of 
th is  approach(2). F ir s t ,  good s ta r t in g  values are necessary, i . e .  th is  
approach lacks robustness. Second, the large  investment by industry in  
the modeling o f in d iv id u a l u n it operations based on the sequential ap­
proach is  not u t i l iz e d  by the equation approach. F in a lly ,  due to the  
nature o f the fo rm ulation  i t  is  d i f f i c u l t  to diagnose e rro rs  or fa i lu r e  
to converge.
Some o f these advantages and lim ita t io n s  o f equation orien ted  sim ula­
to rs  have been observed and reported in a review of SPEEDUP developed a t 
Im perial College. Gupta and Lavo i(20) of Exxon concluded th a t SPEEDUP 
is  net as robust or e f f ic ie n t  as the Exxon sequential modular sim ulator 
COPE. Although SPEEDUP is  easy to use and has performed im pressively on 
c e rta in  problems, nonetheless i t  is  not ye t com petitive w ith  commercial 
sequential modular systems.
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2.2c Two-Tier A lgorithm s
From the preceding discussions i t  is  apparent th a t both the sequen­
t i a l  modular and the equation based approaches possess some unique ad­
vantages and accompaning weaknesses. The tw o - t ie r  approach represents  
the lo g ic a l exten tio n  to e x tra c t the r e la t iv e  advantages from each of 
these approaches w ithout in corporating  th e ir  associated weaknesses. This  
method is  a lso known as the simultaneous modular approach.
The tw o - t ie r  a lgorithm  u t i l iz e s  two types of models, simple and r ig ­
orous, as shown in  Figure 1 -2 . The rigorous models are the t r a d it io n a l  
u n it operation models used in the sequential modular approach. A simple 
u n it operation module is  w ritte n  fo r  each rigorous u n it  model and is  
used to re la te  each output value approxim ately to a combination o f the 
input v a r ia b le s . These simple models may be lin e a r  models or they may 
represent approximate engineering equations, e .g . the Kresmer model fo r  
an absorber. The simple models are then solved by an e f f ic ie n t  equation  
solving technique fo r  the stream v a ria b le s . The rigorous models are 
then c a lle d  using the so lu tion  from the simple models. The computa­
t io n a l procedure fo r  the tw o -t ie r  scheme is  shown in Figure 1-2 ( 2 ) .  
In te ra c tio n  between the simple and rigorous models continues u n t il con­
vergence is  achieved.
The simple models have fewer in te rn a l v a ria b le s  than the rigorous mo­
de ls . The simple model can be a l in e a r  one or an approximate engineer­
ing model. In  e ith e r  case the simple model is  much less complicated  
than the rigorous model and time consuming rigorous thermophysical prop-
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Figure 1 -2 . The Two-Tier Method of Flowsheeting (2 )
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e rty  c a lc u la tio n s  are usually  om itted . Thus, the tw o - t ie r  method u t i ­
l iz e s  the t r a d it io n a l modular models used by the sequential approach, 
ye t i t  also uses sim pler models and solves sim ultaneously fo r  a l l  stream 
v a ria b le s  in the same fashion as the equation orien ted  approach.
The tw o -t ie r  approach takes advantage o f a l l  the e x is tin g  sequential 
modular software inc lud ing  b u i l t  in h e u ris tic s  fo r  provid ing s ta rt in g  
estim ates and fo r  handling special cases. In  the event o f e rro rs  or 
fa i lu r e  to converge the modular re s u lts  can be diagnosed. F in a lly ,  the 
tw o -t ie r  approach employs a very natura l engineering a lgorithm  in  th a t  
s im p lif ie d  models are used fo r  p re lim in a ry  analys is  and then are v e r i ­
f ie d  on the basis of more rigorous an a ly s is .
B -2 .3  Software
The software requirements fo r  a flow sheeting system include the pro­
gram and computer system a rc h ite c tu re , data s tru c tu re s , file -s y s te m  in ­
te r fa c e , the programming language, and documentation. Up u n t il the la s t  
decade, more a tte n tio n  had been paid to the development o f b e tte r  models 
and a lgorithm s. However, in the la s t  ten years software engineers have 
developed a methodology c a lle d  "s tru c tu red  design" whose purpose is  to 
reduce com plexity and thereby render coding, debugging, and m odifica­
tio n s  e a s ie r and fa s te r .  "S tructured  design is  a system atic process of 
organizing a large system in to  subsystems, d e fin in g  the requirements of 
each subsystem, showing the flow  o f data through the system, and d e fin ­
ing the in te rfa c e s  between subsystems." (2 )
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With regard to the system a rc h ite c tu re  two approaches are common. 
One technique uses a system in which the c a lc u la tio n a l sequence is  b u i l t  
in to  the FORTRAN c a llin g  program. This is  also common to systems in  
which the user w rite s  the c a llin g  program, as is  the case w ith  the FLOW- 
TRAN system. The second approach uses a preprocessor a rc h ite c tu re  in 
which the system generates it s  own FORTRAN main c a llin g  program known as 
the sim ulation program. Thus the sim ulation program c a lls  the in d iv id ­
ual u n it operation models or convergence subroutines as needed to con­
verge the flow sheet. The c a lc u la tio n a l sequence is  stored in a separate  
data f i l e .  ASPEN uses a preprocessor a rc h ite c tu re .
The org an iza tio n  of the data s tru c tu re  was improved w ith  the d eve l- 
opement o f the plex data s tru c tu re . In th is  arrangement a l l  of the data 
is  stored in one s ing le  lengthy array  made up o f blocks of contiguous 
storage locations known as beads(28). Beads can contain rea l or in teg er  
numbers, vectors , or alphanumeric s tr in g s . The bead s ize  is  determined 
by the preprocessor to  f i l l  the needs o f the s im u la tio n . Thus, the plex  
s tru c tu re  uses only as much space as needed by a given problem. This 
approach has several advantages. The only space l im ita t io n  on a given 
sim ulation is  on the to ta l storage req u ired , i . e .  there  is  no dimen­
sional l im ita t io n  on the number o f components, streams, blocks, e tc . 
The plex system provides fo r  easy system m odifica tio n  sirice a l l  data is  
accessib le by po in ters  ra th e r  than common arrays . F in a lly ,  th is  type of 
data system is  h igh ly  f le x ib le  and e f f ic ie n t .
FORTRAN is  c u rre n tly  the computer programming language most commonly 
used in flow sheeting. Although o ther languages such as PASCAL o ffe r  ad­
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vantages of g rea te r f l e x i b i l i t y  and e ff ic ie n c y , FORTRAN remains the lan ­
guage of choice due to p o r ta b i l i ty  and wide use. A change to one of 
these more powerful or f le x ib le  programming languages is  not a n tic ip a te d  
in the near fu tu re .
Most of these systems are f i le -o r ie n te d .  DESIGN/2000 uses as many as 
30 work f i l e s  in the course o f a s im u latio n . These f i l e s  are addressed 
through FORTRAN formated read and w r ite  commands. Throughout the course 
of the s im ulation these f i l e s  are accessed and m odified and e ven tu a lly  
f i l l e d  in w ith  the re s u lts  of the completed c a lc u la tio n s . The access 
and m odifica tio n  o f these f i l e s  is  not open to the user but is  in te rn a l  
to  the operation o f the program.
Documentation is  s p e c ific  to each programing system. Some systems 
such as DESIGN/2000 and PROCESS req u ire  a high le v e l of user f r i e n d l i ­
ness. As a re s u lt  these systems sustain the added overhead to provide  
higher degrees of documentation. Others such as PROPS provide very l i t ­
t l e  d e ta ile d  documentation.
B -2 .4  User In te rfa c e
The user in te rfa c e  is  the mechanism used to describe the problem to  
the flow sheeting system. I t  includes the input language and the output 
prepared fo r  the user. Requirements include f l e x i b l i t y  and ease o f use.
Current areas o f research(2) fo r  improvements in the user in te rfa c e  
are the use of graphic in p u t(29) and f u l l  screen e d itin g  and in te ra c t iv e
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c a p a b il i t ie s .  A lso, f l e x i b i l i t y  in the output reports  could g re a tly  be­
n e f i t  from research since most sim ulators are very r ig id  in the type and 
form of output re s u lts . Another p o s s ib il i ty  which might add s ig n if ­
ic a n tly  to the power and f l e x i b i l i t y  o f the in te rfa c e  is  the use of 
co lo r fo r  input and output.
B -2 .5  Summary
In th is  b r ie f  overview o f flow sheeting systems the curren t status of 
flow sheeting sim ulation software has been o u tlin ed  and the d ire c tio n s  
fo r  fu tu re  developements in several o f the elements th a t comprise flow ­
sheeting technology have been suggested. In the next section the o p t i­
m ization methodology th a t is  most a p p licab le  to  flow sheeting and 
sim ulation problems w i l l  be o u tlin e d .
C Overview o f O ptim ization
O ptim ization  theory and a p p lic a tio n  is the branch o f engineering and 
mathematics th a t seeks to maximize e f f ic ie n c y  and get the most b e n e fit  
from a system or process. The concepts o f in d u s tr ia l op tim iza tio n  go 
back a t le a s t as fa r  as the In d u s tr ia l Revolution. Much o f the theory  
has been o f in te re s t  to  mathematicians fo r  cen tu rie s . However, the te ­
dious and voluminous computations th a t are o ften  requ ired  have prevented 
p ra c tic a l a p p lic a tio n . With the development of the d ig i ta l  computer 
many techniques and problems which were prev iously  fa r  too unwieldy are 
now being solved. Although there  are many topics fo r  which optim iza­
tio n  th eo ries  and techniques have been developed, few of these tech­
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niques are ap p licab le  to  flow sheeting problems. For example, l in e a r  
programming codes e x is t  which are capable o f dealing  w ith  several thou­
sand va ria b le s  and c o n s tra in ts . U n fo rtu n a te ly , most of the problems en­
countered by design engineers are n o n lin ear, and cannot be solved by 
l in e a r  programming. Other methods must be considered. The fo llow ing  
paragraphs w i l l  give an evaluation  o f the cu rren t th in k in g  w ith  regards 
to  non linear programming and the o p tim iza tio n  o f constrained non linear 
problems.
C -l Constrained N onlinear Programming
Process o p tim iza tio n  problems g en e ra lly  are composed o f an economic 
model and a process model. The economic model expresses the p r o f i t  or 
cost o f operatio n , and is  the function  to be maximized or minimized 
w hile  s a tis fy in g  the process model. The process model is  a set of con­
s t r a in t  equations which describe the operation o f the p la n t, e .g . mate­
r ia l  and energy balance equations, raw m ateria l a v a i la b i l i t y ,  demand fo r  
products, and process equipment c a p a c itie s . These equations define  the 
fe a s ib le  region fo r  the optimum, i . e .  the maximum or the minimum. Both 
the economic and the process models may be lin e a r  or non linear 
equations. The o p tim iza tio n  problem can be stated  as fo llo w s .
M in im ize/M axim ize: f (x  ) ;  x = (X p  x^, . . . ,  xn)^
(1 -4 )
Subject to : g^(x ) = 0; k= 1, 2 , 3, . . . ,  K
h] ( x ) > 0; 1= 1, 2, 3, . . . ,  L
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where f (  x ) is  the economic model, and g^(x ) and h^( x ) represent 
the process model. M a te ria l and energy balances are represented by 
e q u a lit ie s ,  and raw m ateria l a v a i la b i l i t y ,  product demands and equipment 
ca p a c itie s  are represented by in e q u a lit ie s .
There is  no method comparable to the simplex a lgorithm  of l in e a r  pro­
gramming fo r  solving n on linear programming problems. Consequently, to  
solve nonlinear programming problems a s e lec tio n  must be made from a 
large number of a lgorithm s. The s e lec tio n  o f the b e tte r  a lgorithm  fo r  
flow sheeting o p tim iza tio n  is  based on numerical experim entation.
In Table 1-2 several types of n on linear programming methods are l i s t ­
ed th a t have been reported to be e f fe c t iv e  fo r  in d u s tr ia l o p tim iza tio n . 
In  the next section the types o f problems fo r  which these techniques 
have proven useful w i l l  be discussed. A lso, the s e lec tio n  c r i t e r ia  used 
to re la te  an o p tim iza tio n  method w ith  an in d u s tr ia l problem w i l l  be ex­
amined.
C-2 The Current Status of Nonlinear Programming
Several s-budies(3 0 ,3 1 ,3 2 ,3 3 ,3 4 ,3 5 ,3 6 ,3 7 ,3 8 ,3 9 ,4 0 ,4 1 )  have sought to 
analyse and evaluate  the r e la t iv e  m erits o f the a v a ila b le  non linear pro­
gramming algorithm s. The f i r s t  comprehensive comparison o f non linear 
software is  a t tr ib u te d  to C o lv i l le (3 1 )  a t IBM and was published in 1968. 
In  an evaluation  o f 15 codes from in d u s tr ia l firm s and u n iv e rs it ie s  in 
th is  country and Europe, the g enera lized  reduced grad ien t method, par­
t ic u la r ly  Abadie's GRG code, performed best. Warren and Lasdon(32)
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Table 1 -2 . Constrained Nonlinear Programming Methods
Successive L inear Programming 
Successive Quadratic Programming 
G eneralized Reduced Gradient Algorithms  
Penalty and B a rr ie r  Function Methods 
Feasib le D irec tio n  and G radient P ro jectio n  Algorithms
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
26
pointed out th a t the study was somewhat biased against successive l in e a r  
programming, SLP, in th a t a l l  the te s t  problems used were small and 
dense whereas SLP is  reputed to perform best on la rg e , sparse problems.
In the most recent and comprehensive study Simon and Azma(40) in 1983 
reported on a comparison of Exxon's successive lin e a r  programming code, 
PLATFORM, and Exxon's successive quadratic  programming code, ECO, w ith  
two la rg e , u n iv e rs ity  developed, p u b lic a lly  a v a ila b le  codes, Lasdon's  
GRG2 and Saunders' MINOS. Both ECO and GRG2 are designed to handle mod­
e ra te  sized problems of less than 100 v a r ia b le s . MINOS is  capable of 
handling over 1000 v a ria b le s  and can base the n on linear op tim izatio n  
search on the o r ig in a l o b je c tiv e  fu n c tio n , a m odified Lagrangian, or an 
augmented m odified Lagrangian. Tests were performed on problems ranging  
from 5 to  250 varia b le s  w ith  both lin e a r  and non linear co n s tra in ts . 
MINOS solved a l l  the problems. For the large  problems the sparse m atrix  
computational fea tu res  of MINOS were used and res u lte d  in impressive run 
tim es. The ECO program could only solve the sm aller problems, conta in ­
ing 20 v a ria b le s  or less . For these problems ECO e x h ib ited  the le a s t  
number of function eva lu a tio n s . GRG2 solved the sm aller problems and 
h a lf  of the moderate s ized , 100 v a r ia b le s , problems. Compared to the 
other programs GRG2 required the g rea tes t number o f function evalu­
a tio n s . The paper concludes th a t ECO and GRG2 are a p p licab le  only to 
small problems, and MINOS or PLATOFORM would have to be used on la rg e r  
problems. The MINOS code performed best o v e ra ll.
Also in 1983 Lasdon and W arren(41) recognized the conclusions stated  
here and summarized the r e la t iv e  m erits of SLP, SQP, and GRG algorithm s.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
27
They analysed the various techniques w ith  p a r t ic u la r  regards to the ap­
p l ic a b i l i t y  to  large problems. They ranked the SLP method as e a s ies t to  
implement follow ed by SQP w ith  GRG being the hardest. SQP was consid­
ered to  be the most e f f ic ie n t  approach whereas GRG was considered the 
most robust. Table 1-3 l is t s  the r e la t iv e  strengths and weaknesses of 
these techniques as given by Lasdon and Warren.
B r ie f ly ,  o ther research in term ed iate  between th a t of Exxon and IBM 
lead to  the same conclusions. In 1972 Himmelblau(33) tes ted  7 NLP codes 
which included SLP, GRG, and p enalty  function  algorithm s w ith  two te s t  
problems. The re s u lts  re in fo rced  C o lv i l le 's  observations th a t Abadie's  
GRG code was the most e f f ic ie n t  and robust. In  1974 Larichev and 
G o rv its (3 4 ) studied several unconstrained algorithm s inc lud ing  steepest 
descent, conjugate g rad ien ts , and several v a r ia b le  m etric  algorithm s and 
found th a t the choice of the i n i t i a l  p o in t was very im portant. In 1977 
Sandgren(35) compared 17 d if fe r e n t  codes which encompassed 35 algorithm s  
on 30 te s t  problems. The comparison included two SLP codes but predomi- 
nen tly  in v es tig a ted  GRG and penalty  function  techniques. The GRG a lgo­
rithm s outperformed the p enalty function codes. The SLP codes produced 
e x c e lle n t so lu tio n  times on most o f the problems w ith  the exception of 
the h igh ly  non linear ones. In 1979 S argent(30) reviewed non linear pro­
gramming and made suggestions to overcome weaknesses observed in the 
Han-Powell a lg o rith m (3 6 ). Also in 1979, Lasdon and Waren(32) reviewed 
many o f the a v a ila b le  o p tim iza tio n  packages and presented the re s u lts  of 
several performance analyses but did not draw any conclusions on which 
algorithm s are b est. In  1980 S ch ittko w ski(3 7 ) published a study of 13 
NLP codes th a t included g enera lized  reduced g ra d ie n t, penalty  fu n c tio n ,
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Table 1-3 Comparison of O ptim ization  Algorithm s (41 )
Algorithm  R e la tiv e  Advantages R e la tiv e  Disadvantages
SLP 1. Easy im plementation
2. Widely used
3. Rapid convergence fo r  
vertex optima
4. A pp licab le  to large  
problems
5. Does not s a tis fy  
e q u a lit ie s  a t each 
ite ra t io n
1. Possible slow convergence
2. W ill v io la te  nonlinear 
co n stra in ts  u n til  
convergence
SQP 1. Usually requ ires  fewer 1. P ra c tic a l robustness is
function and grad ien t undetermi ned
evaluations than SLP 2. W ill v io la te  nonlinear
or GRG c o n stra in ts  u n til
2. Does not s a tis fy convergence
e q u a lit ie s  a t each 3. Harder than SLP to
ite ra t io n implement, requ ires  good 
QP solver
GRG 1. Most robust of a l l  th ree 1. Hardest to  implement
2. V e rs a t ile , a p p licab le  to 2. Must s a tis fy  e a u i l i t ie s
unconstrained, l in e a r ly  
constrained , and 
n o n lin e a rly  constrained  
problems 
3. Can u t i l i z e  e x is tin g  
sim ulators employing 
Newton' s method
at each step of algorithm
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and Pow ell's  SQP based on the form ation o f a quadratic  approximation of 
the Lagrangian. The au th o r's  re s u lts  supported the conclusion of Sand- 
gren th a t the genera lized  reduced g rad ien t a lg o rith m , s p e c if ic a l ly  the 
GRGA code w ritte n  by Abadie, was best o v e ra ll .  In  1982 Shanno(38) re ­
viewed large scale unconstrained o p tim iza tio n  and recommended a m odified  
Newton and preconditioned conjugate g rad ien t methods fo r  these problems. 
Also in  1982 Palacios-Gomez, Lasdon, and Enqu ist(39) compared the GRG2 
and the MINOS GRG codes w ith  a new SLP algorithm  c a lle d  SLPR in which 
ce rta in  ite ra t io n s  are re je c te d  fo r  f a i lu r e  to s a t is fy  steping c r i t e r ia .  
The computational re s u lts  showed th a t SLPR required fewer function e v a l­
uations then the o ther techniques but not n ecessarily  less time depend­
ent upon problem s ize  and d e n s ity . As an a lte rn a te  implementaion the 
authors recommended the SLP a lgorithm  fo r  large  steps fa r  away from the 
optimum and SQP fo r  small steps near the optimum.
The conclusion from these comparative studies is  th a t the genera lized  
reduced grad ien t a lgorithm s are more s u ita b le  fo r  n on linear problems, 
successive quadratic  programming fo r  m ild ly  non linear or quadratic  prob­
lems, and successive l in e a r  programming fo r  very la rg e , s l ig h t ly  no n lin ­
ear problems. Other NLP techniques, e .g . p enalty function  algorithm s, 
are not recommended. These studies re in fo rc e  the observation th a t no 
one code is  best fo r  a l l  non linear problems. Nonetheless, i t  is  impor­
ta n t to note th a t some algorithm s are more g en era lly  ap p licab le  and use­
fu l than o thers . Each of these th ree  techniques w i l l  be reviewed below.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
30
C -2.1 Successive L inear Programming (SLP)
This procedure was c a lle d  the method of approximate programming (MAP) 
by G r i f f i t h  and S tew art(42) o f Shell O il Company when they f i r s t  pro­
posed the algorithm  in 1961. The approach e n ta ils  the successive a p p li­
cation  o f lin e a r  programming to the lin e a r iz e d  non linear problem. The 
l in e a r  approximation is  u su ally  v a lid  only near the po in t about which 
the approximation is  made. Upper and lower boundary c o n stra in ts  are in ­
corporated to m aintain f e a s ib i l i t y  a t each step in moving toward the op­
timum.
The algorithm  proceeds b a s ic a lly  in  the fo llo w in g  fash ion . A s ta r t ­
ing po in t is  se lected . The non linear economic model and c o n stra in ts  are 
l in e a r iz e d  about th is  po in t to generate a lin e a r  programming problem 
which can be solved by the simplex method or an extension of i t .  The 
s o lu tion  p o in t from the lin e a r  programming problem is  then used as a new 
base po in t about which the lin e a r iz a t io n  and the a p p lic a tio n  o f the sim­
plex algorithm  is  repeated. This process is  repeated u n t il some stop­
ping c r i t e r ia  is  met. For m ild ly  non linear functions th is  procedure 
works w e ll.  However, in order to insure th a t the economic model im­
proves, th a t the values o f the independent va ria b le s  remain fe a s ib le ,  
and th a t the procedure converges to  the optimum, i t  is  necessary to  
bound the steps taken in the ite r a t io n s . These bounds c o n s titu te  addi­
t io n a l c o n s tra in t equations. I f  these bounds are too la rg e , in fe a s ib le  
so lu tions may r e s u lt .  I f  the bounds are too sm all, the procedure w i l l  
move slowly toward the optimum. Thus, most programs fo r  th is  a lgorithm  
incorporate  a procedure fo r  s te p -s ize  c o n tro l.
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The SLP a lgorithm  can be developed beginning w ith  the genera lized  
n on linear o p tim iza tio n  problem w ritte n  as: 
o ptim ize: f (  x )
(1 -5 )
subject to : h .(  x ) < ^  fo r  i=  1, 2 , m
W ' j  ^  0 = 1 ,  2  n
Upper and lower l im its ,  Uj and K ,  have been placed on the independent 
v a r ia b le s . These ad d itio n a l c o n s tra in t equations w i l l  provide the 
s te p -s ize  in the ite ra t io n  sequence to avoid in fe a s ib le  s o lu tio n s .
The economic model f (  x ) and the c o n stra in ts  h .(x  ) can be l in e a r ­
ized about a fe a s ib le  p o in t, x to  g ive:
optim ize:
j= l
d - 6 )
subject to : I  a ^  Ax^ . < b. -  h ^ x  ^) fo r  i=  1, 2 , . . . ,  m
j = l
“ o ‘  Xj k  2 1Xj  2 ' j  '  X0k fo r  0 = 1 ,  2 ........  "
and
4xj  = xj  -  xj k ’ c0 = 8f< 4 k>/axj '
The above form is  in lin e a r  programming form at. However, the values Ax^ . 
can take on e ith e r  p o s itiv e  or negative values depending on the lo ca tio n  
o f the optimum. Since negative values are not acceptable to  the simplex 
alg o rith m , G r i f f i t h  and S tew art(42 ) made the fo llo w in g  change of v a r i ­
ables:
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(1 -7 )
Ax . i f  Ax,  > 0
-Ax . i f  A x . < 0
Inco rp o ratin g  the change o f v a ria b le s  in to  equation ( 1 - 6 ) ,  the lin e a r  
programming problem takes the fo llo w in g  form:
j = l j = l
d - 8 )
s u b j e c t  t o :  I -  I  a i j Axj  -  b -j " h i ( *
j= l j= l
f o r  i = 1,  2 ,  . . . ,  m
Ax.  -  a x . < ( x . .  -  1 •)
fo r  j=  1, 2 , . . . ,  n.
Ax.  -  A x . .
The procedure begins a t a s ta r t in g  p o in t, x q . The values of the 
c . 's  and the a . . ' s  are evaluated fo r  use in equation ( 1 - 8 ) .  This gives
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a l in e a r  programming problem in which the independent va ria b le s  are Ax  ^+ 
and AXj . These values are used to eva luate  the next po in t x The 
algorithm  proceeds w ith  the successive so lu tion  o f the l in e a r  program­
ming problems and u lt im a te ly  converges to the so lu tion  o f the non linear 
programming problem. During the course of the a lg o rith m , i f  the optimal 
so lu tion  a t x  ^ is  fe a s ib le  then th a t so lu tion  is  used as the s ta rt in g  
po in t fo r  the next i te r a t io n .  I f  in fe a s ib le  so lu tions are encountered 
then the same lin e a r  program is  repeated but w ith  reduced values o f the 
l im its ,  (U j -  x ^ .)  and (x ^ . -  K ) .  This is  continued u n t il a fe a s ib le  
s o lu tion  is  obtained. A po in t is  considered optimal i f  i t  is  fe a s ib le  
w ith in  a s p ec ified  to leran ce and i f  convergence c r i t e r ia  on the succes­
sive values of the o b je c tiv e  function are met.
The advantage o f the SLP a lgorithm  is  th a t i t  is  s tra ig h tfo rw ard  and 
r e la t iv e ly  simple to apply. In a d d itio n , i t  has the advantage of being 
based upon lin e a r  programming. However, Himmelblau(33) recognizes four 
main d i f f i c u l t i e s  associated w ith  the use of SLP to solve non linear 
problems. They are:
1. I f  the successive ite r a t io n  points are forced to be fe a s ib le  or near 
fe a s ib le  then the progress is  slow due to the use of small steps.
2. I t  is  d i f f i c u l t  to compare successive so lu tion  vectors th a t give  
d if fe r e n t  o b je c tiv e  function values and th a t v io la te  one or more 
c o n stra in ts  by d i f fe r e n t  amounts. How is  the b e tte r  po in t to be se- 
1 ected?
3. L inear programming solu tions may generate poor search d ire c tio n s  i f  
there  is  a high degree of n o n lin e a rity  in e ith e r  the o b je c tiv e  func­
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t io n  or the c o n s tra in ts . Ridges and elongated surfaces are problem- 
some.
4. A cceleratio n  procedures u t i l i z in g  p r io r  inform ation are hard to de­
v ise  fo r  lin e a r  programming methods.
C -2.2 Successive Quadratic Programming (SQP)
In quadratic  programming the o b je c tiv e  function  is  quadratic  and the 
co n stra in ts  are l in e a r .  To solve th is  type of problem the Lagrangian 
function  is  formed and then the Kuhn-Tucker conditions are app lied  to  
the Lagrangian function to  generate a set of l in e a r  equations. This set 
o f lin e a r  equations is  then solved by the simplex method. As w ith  suc­
cessive lin e a r  programming, a quadratic  programming problem formed from 
the n on linear programming problem is  solved i t e r a t iv e ly  u n t il an optimum 
s o lu tion  is  obtained. U n like SLP the quadratic  programming so lu tion  is  
not accepted immediately as the next point in the search. Instead a
sing le  v a r ia b le  search is  performed between the old and new points to
obtain a b e tte r  and fe a s ib le  p o in t.
A quadratic  programming problem is  represented by the fo llow ing
equati ons:
maximize:
n
I  c
j= l j= l k=l
(1 -9 )
subject to : I  a.
j = l
. < b. fo r  i = 1, 2, . . . ,  m
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where q ^  represents the second p a r t ia l  d e r iv a tiv e s  of the non linear 
economic model w ith  respect to  x^ . and x^. The values o f q ^  are com­
puted e ith e r  num erically  or a n a ly t ic a lly  from the non linear problem 
given by equation (1 - 5 ) .  S im ila r ly ,  c^.'s and can be c a lcu la ted
from equation ( 1 -5 ) .
The quadratic  programming procedure begins by adding slack va ria b le s  
xn+.j to the l in e a r  c o n s tra in t equations. A ll the v a ria b le s  must be pos­
i t iv e  or zero . The Lagrangian function  is  formed as fo llow s:
n n n
L (* , 1 ) = 1  C jXj - H I  1 , j k y k
j= l j= l k=l
( 1- 10)
- "£ ¥  " * V i  - bi>
i= l j= l
S ettin g  the f i r s t  p a r t ia l  d e r iv a tiv e s  of the Lagrangian function w ith  
respect to  x^ . and 1.. equal to zero gives the fo llo w in g  set o f (n+m) l i n ­
ear a lg eb ra ic  equations.
Cj  -  * < jk xk -  * a i j ] i £ 0 fo r  j  = 1, 2, . . . ,  n
k=l i= l
( 1- 11)
z a i j xj  + V i  -  bT = 0 for  1 = 2 ’ m-
j= l
Applying the Kuhn -  Tucker conditions requ ires  th a t:
l . x n+. = 0  fo r  i = 1, 2, . . . ,  m. (1 -1 2 )
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I f  xn+i = 0 then the c o n s tra in t is  t ig h t ,  and i t  is  tre a te d  as an equal­
i t y  such th a t 1.. t 0. I f ,  on the other hand, xn+i> * 0, then the con­
s t r a in t  is  loose, i . e .  an in e q u a lity , and K  = 0.
The equations in (1 -1 1 )  are l in e a r .  As such they could be solved in  
any o f a number o f ways. In quadratic  programming these equations are 
converted in to  a lin e a r  programming problem by f i r s t  adding slack v a r i ­
ables to  the in e q u a lity  equations o f (1 -1 1 )  as s^ . ju s t  as they were 
added to  the e q u a lity  equations o f (1 -1 1 )  as * n+. . Then fo r  an i n i t i a l ­
ly  fe a s ib le  basis the slack v a ria b le s  xn+i can be used fo r  the e q u a lity  
equations. A r t i f i c i a l  v a ria b le s  z^ . are added to  obtain an i n i t i a l l y  
fe a s ib le  basis fo r  equation set (1 -1 1 ) .  A c o e f f ic ie n t ,  c j , is  included  
w ith  the Zj v a r ia b le s . The o b je c tiv e  function  then is  represented by 
the sum of the z^ v a ria b le s  and the o b je c tiv e  of the search is  to m in i­
mize the sum of the a r t i f i c i a l  va ria b le s  to insure th a t they do not ap­
pear in the f in a l optimal so lu tio n . These m odifications generate the 
fo llo w in g  refo rm u latio n  o f the o r ig in a l problem:
This representation  is  now in the form o f a lin e a r  programing problem 
and can be solved fo r  optimal values o f x , s , and J_ which are the
n
minimize:
j
j= l
(1 -1 3 )
subject to :
n n
fo r  j=  1, 2 , . . . ,  n.
k=l 1=1
j= l
= fo r  i=  1, 2 , . . . ,  m,
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so lu tion  to the quadratic  programming problem. This procedure is  em­
ployed in an ite r a t iv e  fashion. Term ination occurs based on various  
tes ts  using the Kuhn -  Tucker c o n d itio n s , changes in the step and func­
tio n  va lues, and f e a s ib i l i t y  checks.
The procedure o u tlin ed  above is  the basic SQP method o r ig in a lly  pro­
posed by Beale in 1967. Since then th is  technique has undergone immense 
development and refinem ent. The most popular SQP algorithm  is  known as 
the Han-Powell or the Wi1son-Han-Powel1 method. The Wilson technique is  
based upon the work of Beale. The Han-Powell a lgorithm  is  based on the 
successive quadratic  programming method o f W ilson. The Han-Powell meth­
od is  o u tlin ed  below.
A ll successive quadratic  programming algorithm s involve the formu­
la t io n  o f a quadratic  programming problem, i . e .  a quadratic  o b je c tiv e  
function subject to lin e a r  co n s tra in ts . The quadratic  programming prob­
lem is  form ulated in one o f several d if fe r e n t  ways. These d i f fe r e n t  
fo rm ulation methods are the basis o f the d if fe r e n t  SQP a lgorithm s. Once 
the quadratic  problem is  obtained then i t  is  solved in the fashion out­
lin e d  above regardless of how the quadratic  problem was d erived . Thus 
the s ig n if ic a n t  d iffe re n c e  in SQP algorithm s is  not in the so lu tion  of 
the quadratic  problem, but in the techniques involved in es tab lish in g  
the quadratic  model and in how the so lu tion  o f the quadratic  model is  
used in subsequent steps in the procedure. For example, the method of 
Wilson uses the f u l l  Hessian m atrix  in  the d e r iv a tio n  o f the quadratic  
problem, whereas the Han-Powell a lgorithm  uses quasi-Newton updates in ­
stead of the Hessian m atrix .
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The Han-Powell a lgorithm  is  b a s ic a lly  a v a r ia b le  m etric  method fo r  
constrained o p tim iza tio n  pro b lem s(44 ,45 ). This approach uses grad ien t 
in form ation together w ith  a p o s itiv e  d e f in ite  m a trix , B, to  form ulate  
the quadratic  programming problem about an i n i t i a l  s ta r t in g  p o in t. The 
id e n t ity  m atrix  is  usually  used fo r  B a t the i n i t i a l  p o in t. The quad­
r a t ic  problem is  form ulated so th a t the so lu tion  to the problem is  a 
vector th a t minimizes or maximizes the quadratic  o b je c tiv e  fu n c tio n . 
This vector is  then used as a search d ire c tio n  in the space o f the prob­
lem v a r ia b le s . A lin e  search along th is  vector is  used to  fin d  the next 
po in t in the procedure. The m atrix  B is  updated using the BFGS formula 
and then another i te r a t io n  is  s ta rte d . The procedure term inates when 
convergence c r i t e r ia  are met. The im portant techniques th a t co n s titu te  
the Han-Powell a lgorithm  are the use o f quasi-Newton updates in the 
place o f the Hessian fo r  the fo rm ulation  o f the quadratic  problem and 
the use of a p enalty function  l in e  search based on the Lagrangian in the 
d ire c tio n  of the so lu tion  vec to r. These two c h a ra c te r is tic s  are the 
most s ig n if ic a n t  aspects o f the Han-Powell a lg o rith m . Once i t  is  de­
r iv e d , the quadratic  problem is  solved in the fashion described e a r l ie r .  
The major s ig n ific a n c e  of the Han-Powell approach is  th a t i t  form ulates  
a quadratic  problem from f i r s t  order d e r iv a tiv e  in form ation in  the same 
fashion as the v a r ia b le  m etric  methods fo r  unconstrained o p tim iza tio n .
The f i r s t  step in the Han-Powell a lgorithm  is  to  form the Lagrangian 
function  from the general n on linear programming problem form ulated in 
equation ( 1 - 4 ) .  A quadratic  problem is  then formed from the Lagrangian 
fu n c tio n . The re s u ltin g  quadratic  programming problem is  b a s ic a lly  the
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same as th a t given in equation (1 -1 1 ) .  The fo llo w in g  rep resentation  is  
a more common form of the Han-Powell a lgorithm .
m inim ize: V f( x k) T 6 + h 6 TBk 6
d-14)
subject to : J( x k) 6 + g( x k) = 0
K(x k) 6 + h( x k) > 0
Using the fo rm ulation  of equation (1 -1 4 ) ,  B is  the quasi-Newton m atrix  
approximation o f the second order p a r t ia ls  o f the Lagrangian function  
w ith  respect to the independent v a r ia b le s , i . e .  the Hessian m atrix  whose 
elements are the 9 j k ' s o f equation (1 -1 1 ) .  J (x  ) and K( x ) are the Ja - 
cobian m atrices o f the e q u a lity  and in e q u a lity  c o n stra in ts  re s p e c tiv e ly . 
The elements o f these m atrices are the a^^1s of equation (1 -1 1 ) .  The 
vector 6 is  the so lu tion  to (1 -1 4 )  th a t maximizes or minimizes the  
q uadratic  problem, i . e .  6 = x k+  ^ “ x k - This vector represents the
optimum fo r  the quadratic  problem form ulated about the po in t x k - A 
l in e  search is  then performed along 6 based upon an exact p enalty func­
t io n . The so lu tion  to th is  l in e  search is  taken as the next po in t in  
the search, x k+^. I f  the convergence requirements are not met, then 
the e n t ire  procedure is  repeated about th is  new p o in t. This procedure 
continues u n t il convergence is  a tta in e d . Convergence evaluation  is  
based on the c r i t e r ia  of o b je c tiv e  function improvement and c o n s tra in t 
v io la t io n .
The Han-Powell a lgorithm  can be summarized by the fo llo w in g  steps.
1. I n i t i a l i z e  a l l  constants, e .g . B = I ,  i = 1, e tc .
f J '
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2. Evaluate the functions in equation (1 -1 4 ) ,  i . e .  V f( x k) ,  J ( x k) , 
K( x k) ,  f (  x k) ,  g( x k) ,  h( x k) .
3. I f  th is  is  not the f i r s t  i t e r a t io n ,  i . e .  i > 1, update B v ia  the 
BFGS form ula.
4. Using the in form ation from the steps above, form ulate the quadratic  
problem as equation (1 -1 4 )  and solve fo r  the Lagrangian m u lt ip lie rs
1 . and the vector 6 .
5. Check fo r  convergence a t the so lu tion  to step 4. Stop or continue.
6 . Formulate and c a lc u la te  the Lagrangian, the exact penalty function  
and th e ir  d e r iv a tiv e s .
7. Perform a lin e  search on the exact penalty  function  form ulated in  
step 6 , move to the new po in t and update a l l  the parameters.
8 . Return to step 2.
As noted e a r l ie r ,  the Han-Powell a lgorithm  is  based upon the SQP 
methods o f Beale and W ilson. The o r ig in a l SQP method o f Beale u t i l iz e d  
the Hessian m atrix  o f the o b je c tiv e  function in the d e r iv a tio n  o f the  
quadratic  problem. The approach proposed by Wilson improved on th is  
method by using the Hessian m atrix  of the Lagrangian fu n ctio n . By in ­
corporating the Lagrangian function  in to  the quadratic  problem, W ilson 's  
fo rm ulation  included consideration  of the curvature o f the co n stra in ts  
in the Hessian m a trix . The disadvantage of these approaches is  th a t use 
of the Hessian, whether based on the o b je c tiv e  function  or the Lagrangi­
an fu n c tio n , involves considerable computational overhead.
In 1976 Mangasarian(43) and Han(44) showed th a t the Hessian m atrix  of 
second order p a r t ia l  d e r iv a tiv e s  could be approximated w ith  a quasi-New­
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ton update. Han(44) app lied  the D avidon-Fletcher-Pow ell (DFP) update 
formula and incorporated an exact penalty  function  l in e  search based on 
the o r ig in a l o b jec tive  function  and c o n s tra in ts . The re s u ltin g  algo­
rithm  is  s u p e rlin e a rly  and g lo b a lly  convergent. P ow ell(45) made several 
enhancements th a t included the use o f the Broyden-Fletcher-Shanno-Gol- 
fa rb  (BFGS) update form ula, the use o f a penalty  function  l in e  search 
based upon the Lagrangian fu n c tio n , and the incorporation  o f provisions  
to condition the quasi-Newton m atrix  updates. In a d d itio n , Powell in ­
corporated a step length parameter which is  used to  fo rce convergence 
from poor s ta rt in g  p o in ts . Cham berlin(46) recommended the use of a 
watch dog technique in which e ith e r  the exact p enalty function or the 
Lagrangian function are s a t is f ie d  in the lin e  search. The performance 
of the algorithm  a t any po in t in the search d ic ta te s  the continued path 
of the watch dog search. Sargent(30) discussed several problems ob­
served by other workers and recommended s o lu tio n s . Stadherr and 
Chen(23) proposed enhancements o f the Han-Powell method in the areas of 
step l im ita tio n s  and v a r ia b le  bounds.
The Han-Powell method o f successive quadratic  programming is  c u rre n t­
ly  very popular and has been successfu lly  app lied  to flow sheeting o p t i­
m ization problems by several workers. The ap p lic a tio n  of SQP and the 
Han-Powell algorithm  to  flow sheeting problems w i l l  be o u tlin ed  in Chap­
te r  I I .
C -2.3 G eneralized Reduced G radient A lgorithm s (GRG)
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The reduced g rad ien t approach was f i r s t  proposed by W olfe (47) in 1963 
in connection w ith  quadratic  programming and was la te r  g enera lized  to 
n on linear programming a p p lic a tio n s  by Abadie and C a rp e n te r(4 8 ). The 
method lin e a r iz e s  the economic model and c o n s tra in ts , and develops a 
g rad ien t d ire c tio n  th a t is  in a d ire c tio n  o f lo c a lly  fe a s ib le  po in ts . 
In e q u a lity  c o n stra in ts  are f i r s t  converted to e q u a lit ie s  v ia  the in co r­
poration  o f slack v a r ia b le s . The problem v a ria b le s  inc lud ing  the slack  
v a ria b le s  are then p a r tit io n e d  in to  two sets , basic v a ria b le s  and non- 
basic v a r ia b le s . The nonbasic v a r ia b le  set consists o f the independent 
va ria b le s  and the basic v a r ia b le  set consists o f the dependent v a r i ­
ab les . The basic va ria b le s  are continuously adjusted to s a t is fy  the  
co n stra in ts  and the reduced grad ien t is  defined as the ra te  of change of 
the o b je c tiv e  function  in response to small changes in the independent 
v a ria b le s . The search procedure s a t is f ie s  the a c tiv e  c o n stra in ts  by ad­
ju s tin g  the v a ria b le s  such th a t the c o n stra in ts  are s a t is f ie d  ex a c tly  a t  
each search p o in t. The search proceeds by searching the fe a s ib le  region  
as defined by the independent v a ria b le s  and ad ju stin g  the dependent var­
ia b le s  to m aintain f e a s ib i l i t y .  The search d ire c tio n  is  d ic ta te d  by the  
reduced grad ien t which corresponds to a p ro je c tio n  of the n dimensional 
g ra d ie n t, where n is  the to ta l number o f va ria b le s  in the problem, on to  
the fe a s ib le  region as defined by the independent v a r ia b le s .
Various reduced g rad ien t and g enera lized  reduced grad ien t algorithm s  
e x is t and are d e lin ea ted  on the basis o f the search and v a r ia b le  p a r t i ­
tio n in g  procedures used(33). For some o f these a lgorithm s, e .g . GRGS, 
i f  the o p tim iza tio n  problem is  lin e a r  the genera lized  reduced grad ien t 
re a d ily  reduces to the simplex a lgorithm  o f lin e a r  programming. In the
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absence of c o n stra in ts  the genera lized  reduced grad ien t search reverts  
to steepest descent (g ra d ie n t search). The d if fe r e n t  reduced grad ien t 
algorithm s a r is e  from the v a r ie ty  of techniques used to m aintain fe a s i­
b i l i t y  and to  d e lin e a te  v a ria b le  sets . These algorithm s have g en era lly  
been found to be both robust and e f f ic ie n t  fo r  solving constrained non­
l in e a r  problems.
The genera lized  reduced grad ien t approach proceeds in the fo llo w in g  
fash ion . Consider the optim iza tio n  problem as: 
o ptim ize: f (  x )
(1 -1 5 )
subject to : g .(  x ) = 0 fo r  i = 1 , 2 , . . . ,  m
where the necessary slack va ria b le s  have been added as x$ to any in e ­
q u a lity  co n s tra in ts . The problem consists o f m co n s tra in t equations and
n independent v a ria b le s  where n > m.
The o b je c tiv e  is  to convert the constrained problem in to  an uncon­
s tra in ed  one. The independent va ria b le s  are separated in to  m basic var­
ia b le s , x^, and (n-m) nonbasic v a r ia b le s , x ^ .  The co n s tra in t equation 
has the form,
9 ^  x ) = x b , x nb) = 0 fo r  i = 1 , 2 , . . . ,  m. (1 -1 6 )  
The above equation is  solved fo r  the basic variab les  as a function  of 
the nonbasic v a r ia b le s , i . e .
x . . = g . ' (  x . ) fo r  i = 1, 2, . . . ,  m (1 -1 7 )i ,b v -  nb'
Now the c o n s tra in t equations are used to e lim in a te  the basic v ariab les  
in the economic model which can then be thought of as a function o f only 
the nonbasic v a ria b le s  such th a t ,
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f (  X ) = f (  £ b , X nb) = f ( a  ' (  x nb) ,  x nb) = F( x nb) (1 -1 8 )
Equation (1 -1 8 )  is  then expanded in a f i r s t  order Tay lo r series  g iv in g ,
m n
I  ( a f / a x . )  dxi>b + z ( a f /a x . )  dx. ^
i =l  ’ i=m+l
(1 -1 9 )
= I  (a F /a x .)  dxi(fib  
i=m+l
or in m atrix  n o ta tio n ,
-  Tp< !  nb> d i  nb =
d - 2 0 )
v  T f (  X b) d x b * V T f (  * „b) d X nb
The c o n s tra in t equation set (1 -1 6 )  is  expanded v ia  Taylor series  to 
g ive ,
m n
I  (a g . /a X j)  d x . )b + i  (a g . /a X j)  dxi>nb = 0 (1 -2 1 )
j= l  j=m+l
fo r  i = 1 , 2 , . . . ,  m.
L e ttin g  represent the m atrix  o f f i r s t  p a r t ia l  d e r iv a tiv e s  o f g^  w ith  
respect to the basic v a ria b le s  and le t t in g  Anb represent the correspond­
ing m atrix  associated w ith  the nonbasic v a r ia b le s , equation ( 1- 2 1 ) can 
be represented as,
Ab d 2 b + A„b d *  nb = 0 (1 - 22>
Solving fo r  d x b g ives ,
d ^ b = - V l A n b d ^ nb < ' - 23>
S u b s titu tin g  th is  in to  equation (1 -2 0 ) g ives ,
h) dnb' -  nb
-  b ' nb ” nb u -  nb + -  -  nb^ ' d -  i
d - 2 4 )
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By e lim in a tin g  d x nb from (1 -2 4 )  the equation fo r  the reduced grad ien t  
V F( x n(3) is  obtained as,
V F( x nb) = 7 f (  x nb) -  V f (  2 b ) Ab- !  Anb (1 -2 5 )
Knowing the values o f the f i r s t  p a r t ia l  d e r iv a tiv e s  o f the economic
model and co n s tra in t equations a t a fe a s ib le  p o in t, the reduced grad ien t
can be c a lcu la ted  from (1 -2 5 ) .  This reduced grad ien t is  then used in a
lin e  search to obtain  b e tte r  values o f the economic model. The lin e
search has the fo llo w in g  form,
x . = x . , + a V F( x . J  (1 -2 5 )-  nb -  k,nb -  v -  k ,n b ' v '
where a is  the parameter o f the lin e  along the reduced g ra d ie n t. The 
l in e  search is  used to  fin d  the optimum along the reduced grad ien t l in e .  
As a is  varied  along the reduced g rad ien t l in e  and Anb must be evalu­
ated in ad d itio n  to the grad ien ts  V f (  x b) and V f (  x nb) . In order to
do th is  x b and x nb must be known a t each step. Equation (1 -2 6 ) is
used to  obtain  x nb and equation (1 -1 6 ) is  used to  get x b<
The so lu tion  o f (1 -1 6 ) often requ ires  numerical techniques such as
Newton-Raphson and can c o n s titu te  the bulk of the required computational 
e f f o r t .  The Newton-Raphson algorithm  in  terms o f the nomenclature used 
fo r  the reduced grad ien t problem is  given by the fo llo w in g  expression,
k,b  ” nb *  v ^ k ,b - ± b ' (1_27)
where the values of the roots of the c o n s tra in t equations are being 
sought fo r  x b , x nb having been computed from (1 -2 6 ) .  Thus the d e r iv a -
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t iv e s  computed fo r  the genera lized  reduced grad ien t in the m atrix  can
also be used in the Newton-Raphson root seaking procedure.
The g enera lized  reduced grad ien t methods have met w ith  s ig n if ic a n t  
success in solving in d u s tr ia l problems. Chapter I I  w i l l  expand on the 
performances th a t have been observed in the use o f these algorithm s w ith  
n onlinear programming problems.
D A p p lica tio n  of O ptim ization  Methodology to Flowsheeting Programs
The th ree  most common so lu tion  a lgorithm s, sequential modular, 
equation o rie n te d , and tw o - t ie r ,  were described in section B -2 .2  above. 
In  ad d itio n  to being s ig n if ic a n t ly  d i f fe r e n t  approaches to the formu­
la t io n  and so lu tion  o f the flow sheet equations, these techniques lend 
themselves to d i f fe r e n t  o p tim iza tio n  s tra te g ie s . The fo llo w in g  para­
graphs describe the use o f o p tim iza tio n  methods w ith  these three a lgo ­
rithm s.
D -l Sequential Modular Method
The ap p lic a tio n  of o p tim iza tio n  methodology to  the sequential modular 
algorithm  most a p p ro p ria te ly  f a l l s  in to  a category th a t Jiraponghan, Bo­
ston, B r i t t ,  and Evans(8 ) re fe r  to  as pointw ise b lack box methods. In 
th is  approach the process sim ulation is  tre a te d  as a b lack box, and in ­
form ation about the s tru c tu re  o f the process flow sheet is  not used in  
determ ining the independent v a r ia b le s . The process s im ulator is  used as 
a fu n ctio n a l device to generate the values of the process v a riab les  th a t
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s a t is fy  the c o n stra in ts  fo r  each estim ate of the independent v a r ia b le s . 
These are then used to evaluate  the economic model of the process and to  
move to improved values of th is  model.
The advantage o f th is  fo rm ulation  o f the o p tim iza tio n  problem is  th a t  
i t  is  compatible w ith  the e x is tin g  sequential modular flow sheeting pro­
grams. The disadvantage is  th a t many complete so lu tions o f the e n tire  
flow sheet may be required during the o p tim iza tio n , and much o f the in ­
form ation generated by these so lu tions is  unused. Consequently, th is  
approach is  e f f ic ie n t  only i f  the number o f independent v a ria b le s  is  
smal1 .
The use o f sequential modular flow sheeting systems fo r  the a p p lic a ­
t io n  o f o p tim iza tio n  algorithm s to in d u s tr ia l process problems has re ­
ceived lim ite d  a tte n tio n  predom inantly due to the weaknesses mentioned 
here and due to the fa c t  th a t in d u s tr ia l process o p tim iza tio n  has not 
y e t become commonplace. A d e ta ile d  analys is  of the use o f these sequen­
t i a l  modular systems fo r  o p tim iza tio n  ap p lic a tio n s  is  given in Chapter
I I .
D-2 Equation Oriented Method
One p a r t ic u la r  reason why the equation orien ted  approach stim ulates  
in te re s t  is  th a t the flowsheet equations are in the form o f the con­
s t r a in t  equations fo r  the o p tim iza tio n  problem. By adding the economic
model f (x  , u ) ,  the flow sheet problem could be stated  as an optim iza­
t io n  problem of the form:
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maximize: f (  x , u )
(1-28)
subject to : g( x , u ) = 0
h( x , u ) < 0
where f  ( x , u ) i s the p r o f i t  fu n c tio n , g( x , u ) re fe rs  to the equal­
i t y  c o n s tra in ts , and h(x , u ) is  the set of in e q u a lity  c o n s tra in ts . 
The e q u a lity  c o n s tra in ts , g(x , u ) = 0, are the system equations de­
scribed above. The in e q u a lity  c o n s tra in ts , h(x , u ) < 0, are ad d itio n a l 
bounds and c o n stra in ts  on the system such as maximum u n it s izes , operat­
ing tem perature and pressure ranges, product s p e c if ic a tio n s , raw m a te ri­
al a v a i la b i l i t y  and so fo r th . The p r o f i t  function is  the equation th a t  
describes the process economics and which is  to be maximized w ith in  the 
system c o n s tra in ts . The independent v a ria b le s  are selected to maximize 
the p r o f i t  fu n c tio n .
Although the equation orien ted  approach n a tu ra lly  lends i t s e l f  to the 
fo rm ulation o f the design problem as an optim iza tio n  problem, the lack  
of n on linear programming algorithm s th a t can e f fe c t iv e ly  handle large  
numbers of in e q u a lity  and e q u a lity  co n stra in ts  has been a major l im ita ­
t io n . Lasdon(16) suggests th a t successive quadratic  programming may ov­
ercome th is  problem.
Thus fa r  equation orien ted  techniques have been used in the simu­
la t io n  of in d iv id u a l u n it operations. D is t i l la t io n  columns and networks 
of heat exchangers have been sim ulated by equation orien ted  and non line­
ar programming techn iques(1 7 ,1 8 ,1 9 ). However, these techniques have not 
ye t been used in an in d u s tr ia l s im ulator.
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D-3 Two-Tier Method
B ie g le r(2 1 ) pointed out th a t the development of simultaneous modular 
or tw o -t ie r  s tra te g ie s  p a ra lle ls  th a t o f equation orien ted  approaches. 
The areas of concern were optimal te a r  s tra te g ie s , problem decompos­
i t io n ,  l in e a r  module in form ation obtained from the flowsheet and non lin ­
ear models. Using the tw o - t ie r  technique and SQP Jirapongphan(8 )
obtained promising re s u lts  on flow sheeting problems form ulated as o p t i­
m ization problems. In o ther studies Evans(22) and Stadherr and 
C h e n (23 ,24 ,25 ,26 ,27 ) also explored the p o te n tia l promise held by the s i ­
multaneous modular approach fo r  dealing w ith  optim izatio n  and design 
problems. Stadherr and C h en (23 ,24 ,25 ,26 ,27 ) described a simultaneous 
modular program, SIMMOD, which they have developed and found to be very 
e f fe c t iv e  on both sim ulation and optim iza tio n  problems. They used a mo­
d if ic a t io n  o f Pow ell's  method fo r  solving nonlinear equations fo r  simu­
la t io n  and contro l problems, and they used the Han-Powell successive 
quadratic  programming a lgorithm  fo r  o p tim iza tio n  problems. The ASPEN 
program r.s described by Evans(2) has been developed as a sequential mod­
u la r  program but w ith  provisions so th a t a tw o -t ie r  or simultaneous mod­
u la r  a lgorithm  can be implemented in the fu tu re .
These p u b lica tio n s  show the increasing in te re s t  th a t is  developing in 
the tw o -t ie r  approach. However, i t  is  im portant to note th a t there  are 
no commercially a v a ila b le  flow sheeting systems using the tw o -t ie r  meth­
od. This w i l l  probably change in the near fu tu re . Recently T rev ino -Lo- 
zano, Evans, Boston, and B r i t t (4 9 )  employed the ASPEN PLUS system and 
successfu lly  demonstrated the use of a tw o -t ie r  algorithm  w ith  th is  im­
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po rtan t commercial sequential modular flow sheeting system. The algo­
rithm  u t i l iz e d  the Han-Powell method to converge the inner loop. A lso, 
S tadherr, LaRoche, and A 1 k ire (50) have used the pub lic  version of ASPEN 
and an enhanced Han-Powell a lgorithm  to  optim ize an e le c t r o ly t ic  methyl 
ethyl ketone process. T h e ir work successfu lly  extended the simultaneous 
modular approach to include severely nonideal e le c tro ly te  systems.
E Summary
In  th is  chapter the important aspects of flow sheeting technology have 
been reviewed. In a d d itio n , the l i t e r a tu r e  on non linear programming has 
been b r ie f ly  o u tlin e d , and the methodology fo r  the th ree most successful 
nonlinear programming methods fo r  in d u s tr ia l problems has been pre­
sented.
Based on th is  inform ation there is  a need to in v e s tig a te  and compare 
the a p p lic a tio n  of the c u rre n tly  more successful o p tim iza tio n  tech­
niques, i . e .  SLP, SQP, and GRG, to  sequential modular flow sheeting pro­
grams. This in v e s tig a tio n  should involve applying these techniques to a 
commercial flow sheeting system and determ ining how these th ree  tech­
niques compare when app lied  to a model o f an in d u s tr ia l p la n t. This may 
e s ta b lis h  i f  one approach is  superior to the o thers . A lso, th is  w i l l  
lead to an understanding of the a p p lic a b il i ty  of commercial sim ulators  
and optim iza tio n  methodology to in d u s tr ia l processes in genera l. In the 
next chapter the l i t e r a tu r e  on the use of o p tim iza tio n  algorithm s on 
process problems and in combination w ith  flowsheeting software is  re ­
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Chapter I I  
PROCESS OPTIMIZATION LITERATURE REVIEW 
AND STRATEGIES FOR INDUSTRIAL PROCESSES
A In tro d u ctio n
In  Chapter I the cu rren t s tatus o f flow sheeting technology was out­
lin e d . In  a d d itio n , the non linear programming l i t e r a tu r e  was surveyed, 
and the th ree most promising non linear programming algorithm s were re ­
viewed. In  th is  chapter a review w i l l  be given o f o p tim iza tio n  studies  
which are s p e c if ic a lly  fo r  chemical processes. This review includes  
studies both w ith  and w ithout flow sheeting software in an e f f o r t  to de­
lin e a te  the curren t s tatus o f flow sheeting o p tim iza tio n  and to evaluate  
the a p p lic a b il i ty  o f the c u rre n tly  popular o p tim iza tio n  techniques to  
flow sheeting problems. The most im portant research is  presented f i r s t  
follow ed by a survey o f the e a r l ie r  work th a t has la id  the foundation  
fo r  the research th a t is  c u rre n tly  the most s ig n if ic a n t .  This d is ­
cussion w i l l  be follow ed by a synthesis o f the s tra te g ie s  fo r  flow sheet­
ing o p tim iza tio n  o f in d u s tr ia l processes as e x trac ted  from the review of 
the o p tim iza tio n  and flow sheeting l i t e r a t u r e .
B The Current Status o f Flowsheeting O ptim ization
The most s ig n if ic a n t  research d ire c te d  a t the a p p lic a tio n  o f non line­
a r programming algorithm s to sequential modular flow sheeting programs is  
th a t o f Richard Hughes and his students. Included in th is  group were
58
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Isaacson, P arker, and B ie g le r . The fo llo w in g  comments w i l l  describe the  
accomplishments of th is  group.
In his Ph.D. d is s e rta tio n  published in 1975, Is a a c s o n (l) u t i l iz e d  the 
CHEOPS flow sheeting program to sim ulate a benzene c h lo rin a tio n  p la n t, 
and then compared the ap p lic a tio n  o f SLP to lin e a r  models of the p lan t 
w ith  grad ien t p ro je c tio n , a m odified complex search, and successive 
quadratic  programming. Q uadratic models were derived from perturbations  
of in d iv id u a l u n it operations modules or groups o f modules. The use of 
q uadratic  models and quadratic  programming was tw ice as fa s t  as the l i n ­
ear approach which was a t le a s t tw ice as fa s t  as the o ther two tech­
niques.
In  1981 Parker and Hughes(2) b u ild in g  on Isaacson's e a r l ie r  work w ith  
quadratic  programming, modeled an ammonia synthesis loop w ith  the FLOW- 
TRAN s im ulator and then optim ized the model by quadratic  approximation 
programming, QAP. This technique u t i l iz e d  second order T aylor series
approximations to generate quadratic  approximations o f the various u n it  
modules. D e riv a tiv e  evaluations were obtained from these second order 
models, and the o v e ra ll approximate p la n t model was "condensed" from the 
in d iv id u a l u n it models. A m odified complex search, CPX, was used to  
solve the re s u lta n t quadratic  function  subject to l in e a r  and quadratic  
c o n s tra in ts . Fu ll sim ulations were used to determine o b je c tiv e  function  
values a t each new po in t in the search. The computational problems en­
countered by Parker and Hughes were o u tlin e d  in an accompanyi rvg 
p a p e r(3 ). In  a la te r  m o d ifica tio n  o f the QAP a lgorithm  c a lle d
q u a d ra t ic /lin e a r  approxim ation programming or Q/LAP, B ieg le r and
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Hughes(4) incorporated P ow ell's  method in to  the quadratic  a lgorithm  re ­
s u ltin g  in b e tte r  performance and less computation tim e fo r  the o p t i­
m ization o f P arker's  ammonia synthesis loop. The Q/LAP algorithm  also  
used f u l l  sim ulations in the eva lu a tio n  of function  and grad ien t values 
and th e re fo re  moved from converged base po in t to  converged base point 
u n ti l  the optimum was obtained. Linear model pertu rb a tio n s  were used in 
the place o f p a r t ia l  quadratic  models. A Han-Powell based quadratic  
programming ro u tin e  was incorporated in to  the a lgorithm  in the place of 
the CPX search procedure. Q/LAP requ ired  the use of an ad ju s tab le  s ca l­
ing parameter in order to  m aintain a w ell conditioned Hessian m atrix  and 
to  improve the i n i t i a l  progress o f the algorithm  when the id e n t ity  ma­
t r i x  was used as the i n i t i a l  approximation to the Hessian.
In 1982 B ie g le r and Hughes(5) proposed ari in fe a s ib le  path op tim iza­
t io n  a lg o rith m , IPOSEQ, also based on the Wi1son-Han-Powel 1 algorithm  
and successive quadratic  programming. The s ig n ific a n c e  o f th is  algo­
rithm  is  th a t i t  used approximate o b je c tiv e  function  and grad ien t eva lu ­
a tio n s  during the convergence process so th a t the problem was optim ized  
and converged sim ultaneously. The authors found the choice of the iden­
t i t y  m atrix  as the i n i t i a l  Hessian approximation may be i l l -c o n d it io n e d  
and recommended scaling of the i n i t i a l  g rad ien t vec to r. This a lgorithm  
was compared to Q/LAP and to  the m odified complex search, CPX. A simple 
fla s h  u n it was modeled w ith  Hughes' own sim ulation program, SPAD, and 
then optim ized. The IPOSEQ algorithm  and the Q/LAP method performed at 
s im ila r  le v e ls  o f e f f ic ie n c y  w ith  respect to CPU time requirem ents. The 
Q/LAP approach g e n e ra lly  needed fewer base p o in ts . The CPX was by fa r  
the poorest technique.
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In 1983 B ieg le r and Hughes(6 ) proposed two new a lgorithm s; the com­
p le te  fe a s ib le  v a r ia n t , CFV, and the reduced fe a s ib le  v a r ia n t , RFV. 
These algorithm s are fe a s ib le  v a ria n ts  of the IPOSEQ technique and re ­
q u ire  converged flow sheet models fo r  each function  evaluation  but u t i ­
l i z e  the unconverged g rad ien t approximation scheme used by the IPOSEQ 
alg o rith m . CFV includes independent and te a r  stream v a ria b le s  w ith  l i ­
nearized te a r  equations as e q u a lity  c o n stra in ts  in the quadratic  pro­
gram. RFV e lim in a tes  the te a r  stream v a ria b le s  and e q u a lit ie s  a f te r  
l in e a r iz a t io n  and c a lc u la te s  reduced grad ien ts  in terms o f the design or 
independent v a ria b le s  fo r  the o b je c tiv e  and c o n s tra in t functio n s . The 
quadratic  problem is  then form ulated in the space of the independent 
v a ria b le s  using these reduced g rad ien ts . The re s u lt  o f th is  approach is  
th a t the quadratic  program is  form ulated in terms o f the independent 
v a ria b le s  alone. RFV uses the same quadratic  program as th a t used by 
Q/LAP.
These algorithm s are basic v a r ia tio n s  o f the Han-Powell a lgorithm . 
The s ig n if ic a n t  m od ificatio n s are in the determ ination o f function and 
d e r iv a tiv e  in fo rm atio n . These algorithm s were tested  on the optim iza­
t io n  o f an e x is tin g  propylene c h lo r in a tio n  process. The two fe a s ib le  
path va ria n ts  , CFV and RFV, were found to be more e f f ic ie n t  in terms of 
the required number o f sim ulation time equ iva len ts  than e ith e r  Q/LAP or 
IPOSEQ.
K is a la (4 0 ) summarized B ie g le r 's  algorithm s in a paper in which he 
proposed enhancements to the in fe a s ib le  path approach. K is a la 's  summary
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of these three algorithm s is given in the fo llo w in g  paragraphs. Consid­
er the fo rm ulation of the process sim ulation as fo llow s:
maximize: f (  x , y )
(2 -1 )
subject to : 3  ( x , y ) = 0
c ( x , y ) = 0
h ( x , y ) > 0
Here f (  x , y ) is  the o b je c tiv e  fu n c tio n , 3  is  the set o f process con­
s t ra in t  equations, c is  a set o f design c o n stra in ts  th a t represent de­
sign s p e c ific a tio n s  th a t must be met, and h is  the set o f in e q u a lity
bounds which are the allowed lim its  on the operating cond itions. This  
fo rm ulation d efines y as the set of te a r  steam v a ria b le s  and x as a 
subset o f independent v a ria b le s  th a t are used to meet the design spec­
i f ic a t io n  associated w ith  c
The in fe a s ib le  path a lg o rith m , IPOSEQ, can be summarized as fo llow s:
1. Provide in i t i a l  guesses fo r  the independent v a r ia b le s .
2. Make a s ing le  pass through the u n it module loop.
3. Approximate d e r iv a tiv e s  o f f ,  h , c , and 3  w ith  respect to  the 
te a r  stream v a ria b le s , y , and the design v a r ia b le s , x , by p e rtu rb ­
ing each v a r ia b le  and executing a pass through the loop.
4. Generate new values fo r  x and y by solving (2 - 1 ) .
5. Check fo r  convergence a t optimum. E ith e r stop or continue.
6 . Go to step 2.
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Note th a t fo r  the in fe a s ib le  a lg o rith m , IPOSEQ, the set of process 
c o n s tra in ts , a , are not converged, i . e .  each ite r a t io n  through the op­
t im iz a tio n  a lgorithm  includes only one ite ra t io n  through the sim ulation  
loop. The process sim ulation is  not converged u n t il the o p tim iza tio n  
problem converges.
The complete fe a s ib le  v a r ia n t a lg o rith m , CFV, can be summarized as 
fo llow s:
1. Provide i n i t i a l  guesses fo r  the design v a r ia b le s , x ,
2. Solve the sim ulation problem, i . e .  converge g ( x , y ) .  The design
c o n s tra in ts , c ( x , y ) ,  are not converged.
3. Approximate d e r iv a tiv e s  o f f ,  h , c , and g w ith  respect to the
te a r  stream v a ria b le s , y , and the design v a r ia b le s , x , by p e rtu rb ­
ing each v a r ia b le  and executing a pass through the loop.
4. Generate new values fo r  x and y by solving ( 2 -1 ) .
5. Check fo r  convergence a t optimum. E ith e r stop or continue.
6 . Go to step 2.
The reduced fe a s ib le  v a r ia n t a lg o rith m , RFV, can be summarized as 
fo llow s:
1. Provide i n i t i a l  guesses fo r  the design v a r ia b le s , x .
2. Solve the sim ulation problem, i . e .  converge g ( x , y ) .  The design
c o n s tra in ts , c ( x , y ) ,  are not converged.
3. Approximate d e r iv a tiv e s  o f f ,  h , c , and g w ith  respect to  the
te a r  stream v a ria b le s , y , and the design v a r ia b le s , x , by p ertu rb ­
ing each v a ria b le  and executing a pass through the loop.
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4. Generate new values fo r  x and y by e lim in a tin g  the te a r  stream 
equations, 3  , from the o p tim iza tio n  problem by c a lc u la tin g  reduced 
grad ien ts  and solving the fo llo w in g  problem:
maximize: f (  x , y ( x ) )
( 2- 1)
subject to : 3  ( x , y ( x ) )  = 0
c ( x , y ( x ) )  = 0 
h ( x , y ( x ) )  > 0
5. Check fo r  convergence a t optimum. E ith e r  stop or continue.
6 . Go to step 2.
Note th a t the fe a s ib le  a lgorithm s, CFV and RFV, do converge the simu­
la tio n  equations, i . e .  3  ( x , y ) .  However, the design c o n s tra in ts , c 
( x , y ) ,  are not converged. Thus the algorithm s are fe a s ib le  in the 
sense th a t the process sim ulation is  converged, but they are in fe a s ib le  
in the sense th a t the converged sim ulation may not s a t is fy  the con­
s tra in ts  o f the economic model. A lso, a l l  th ree o f B ie g le r 's  SQP a lgo­
rithm s, IPOSEQ, CFV and RFV, employ the same method o f using p a r t ia l  
passes through the s im ulation loop to approximate d e r iv a tiv e s .
I t  is  im portant to  note the d iffe re n c e s  in these two approaches. The 
in fe a s ib le  algorithm s sim ultaneously converge the s im ulation problem and 
the o p tim iza tio n  problem a t the optimum. The fe a s ib le  algorithm s imbed 
the s im ulation problem w ith in  the o p tim iza tio n  problem and req u ire  the  
complete so lu tion  o f the s im ulation problem fo r  each ite r a t io n  o f the 
o p tim iza tio n  problem.
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In two recent papers B ie g le r (8 ) ,  and B ie g le r and C u th re ll(9 )  have 
proposed improvements in the in fe a s ib le  path o p tim iza tio n . The in te re s t  
in  in fe a s ib le  o p tim iza tio n  centers around the u ltim a te  des ire  to sim ul­
taneously converge and optim ize a given flow sheet model. The f i r s t  
paper addresses the use o f a chain ru le  a lgorithm  to obtain function and 
d e r iv a tiv e  in fo rm atio n . The second paper proposes refinem ents to  the 
SQP algorithm  in the areas o f so lu tion  techniques fo r  the QP, l in e  
search a lgorithm s, and scaling  procedures.
The most recent a c t iv i ty  in th is  area is  a t tr ib u ta b le  to B ie g le r . In 
a short note published w ith  Grossman and W esterberg, B ie g le r (7 ) pointed  
out the danger in using simple models fo r  rigorous ones as is  done in 
the tw o -t ie r  a lg o rith m . In some cases the use of s im p lif ie d  models can 
re s u lt  in  a f a i lu r e  to converge or in convergence to a fa ls e  optimum.
B ie g le r  was the f i r s t  to use the Han-Powell a lgorithm  in  combination 
w ith  sequential modular flow sheeting systems. His work is  c u rre n tly  
among the most s ig n if ic a n t  w ith  regards to  the use of sequential modular 
sim ulators fo r  the o p tim iza tio n  of flow sheeting problems. Successive 
q uadratic  programming has undergone a considerable amount o f refinem ent 
and is  believed  by many workers to  be the best a lg o rith m . However, dur­
ing the time Hughes and his students were in v e s tig a tin g  op tim iza tio n  
w ith  sequential modular systems, other researchers were pursuing d i f f e r ­
ent op tions. The fo llo w in g  review b r ie f ly  describes these e f fo r ts .
The development of the NLP techniques and the ap p lic a tio n  of NLP a l ­
gorithms to chemical process problems have p a ra lle le d  one another.
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G r i f f i t h  and S t6w art(10 ) f i r s t  used the successive lin e a r  programming 
concept on petroleum re f in e ry  problems a t the Shell O il Company. They 
found th a t as the search approached the optimum o s c illa t io n s  would occur 
i f  the optimum did not l i e  on a c o n s tra in t ve rte x . The o s c illa t io n s  
could be reduced by contro l o f the e x tra p o la tio n  l im its .
During the 19601s , several others app lied  SLP techniques to chemical 
process problems. D ib e lla  and S te v e n s ( ll)  successfu lly  app lied  SLP to  
the W illiam  and Otto design te s t  problem. F ir s t ,  they used a m odified  
steepest ascent technique to obtain  a set o f v a r ia b le  values "close" to  
s a tis fy in g  the non linear c o n stra in ts  from an a rb it ra ry  s ta rt in g  set. 
This procedure was used s t r ic t ly  to  improve the i n i t i a l  v a r ia b le  set 
guesses fo r  the e q u a lity  c o n s tra in t se t. The o b je c tiv e  function  was not 
included in th is  step. Improvements in the v a r ia b le  set were obtained  
by m inim izing the sum of the squares o f res idual e rro rs  fo r  the con­
s t r a in t  se t. Increm ental changes in each v a r ia b le  were obtained in a 
steepest ascent fash ion . D ib e lla  and Stevens pointed out th a t fo r  the 
problem they studied sound engineering judgement would provide a close 
enough i n i t i a l  guess th a t the steepest ascent technique is  not necces- 
sary. They then used lin e a r iz e d  approximations of the c o n stra in ts  and 
improved the o b je c tiv e  function  value through the ap p lic a tio n  o f an LP.
In 1970 Barneson, Brannock, Moore, and M o rris (1 2 ) published a study 
th a t tes ted  the performance of s ix  codes on two process design problems, 
a m u ltip le  fla s h  d is t i l l a t io n  and an ammonia converter. The codes in ­
cluded p a tte rn  search, P ow ell's  accelerated  d ire c t  search, i . e .  conju­
gate d ire c tio n s  search, Box's simplex search, p a ra lle l  tangents,
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Davidon1s v a r ia b le  m e tric , and IBM's SLP process o p tim iza tio n  procedure, 
POP. The authors found th a t no one code was best in a l l  cases. Howev­
e r , the p a tte rn  search and the POP programs were the most consisten t and 
had the best o v e ra ll performance. Also in 1970 G o tt fr ie d , Bruggink, 
and Harwood(13) su cessfu lly  app lied  penalty  function algorithm s to an 
isom erization  process th a t included 7 v a ria b le s  and 4 co n s tra in ts . They 
o u tlin ed  some of the process problems fo r  which they considered penalty  
function algorithm s p a r t ic u la r ly  a p p lic a b le .
Then in 1971 Jung, Mirosh, and Ray(14) compared the performance of 
two p enalty function  algorithm s w ith  th a t  of a g rad ien t p ro je c tio n  tech­
nique on the W illiam s and O tto design te s t  problem. The grad ien t pro­
je c tio n  approach was found to  be fa s te r  than e ith e r  of the penalty  
function  a lgorithm s.
In 1972, Friedman and P inder(15) reported on th e ir  study of an o le f in  
po lym erization  process th a t u t i l iz e d  the CHESS sim ulation system. The 
study in v es tig a ted  th ree  a lgorithm s: d e fle c te d  g rad ie n t-c re a te d  re ­
sponse surface, constrained p a tte rn  search, and m odified complex method. 
The d e fle c te d  g ra d ie n t-c re a te d  response surface technique is  a F le tc h -  
er-Pow ell search app lied  to an o b je c tiv e  function  th a t incorporates the 
c o n stra in ts  in a penalty function  manner. The constrained pattern  
search is  the Hooke-Jeeves p a tte rn  search combined w ith  added lo g ic  to 
handle c o n s tra in ts . The m odified complex method is  an adaptation of the 
complex method o f Box. The authors found the m odified complex method 
performed the best and the F Ie tcher-P ow ell search was s e n s itiv e  to the
Reproduced with perm ission o f the copyright owner. Further reproduction prohib ited w ithout permission.
values chosen fo r  the search parameters and p enalty fa c to rs . The con­
stra in ed  p a tte rn  search did  not deal w ell w ith  the c o n s tra in ts .
In 1976, Gaddy, Gaines, and H euckroths(16) published the re s u lts  of a 
study in which they used adaptive random search on a b a tte ry  o f six  
chemical process te s t  problems. The problems were small in s ize  and the 
authors observed e f fe c t iv e  and r e l ia b le  solu tions w ith  "reasonable e f f i ­
c ien cy ."  Also in 1976, Gaddy and G aines(17) published a comparative 
study in which a m odified complex search, a p a tte rn  search, and an adap­
t iv e  random search algorithm  were a l l  applied  to the Universal O il Pro­
ducts' s o lid  phosphorus acid c a ta ly s t process fo r  the production of 
gasoline from l ig h t  fra c tio n s . The adaptive random search was the only 
technique found to successfu lly  handle the c o n stra in ts  and to fin d  an 
optimum. In 1977 Gaddy and Ballm an(18) app lied  adaptive random search 
to a methanol synthesis process modeled w ith  the PROPS sim ulation pack­
age. At a production capacity  o f 800 TPD, the p lan t was s ig n if ic a n t  in 
scale . A to ta l of 200 cpu minutes required to f in d  the optimum was ju s ­
t i f i e d  on the basis of a S4.5 m illio n  a d d itio n a l y e a r ly  net earnings
versus an expenditure of S2,500 fo r  computer tim e.
In 1979 Grauer, Gruhn, and P o llm er(19) used a GRG a lgorithm  fo r  the 
optimal design of a monochlorobenzene p lan t and compared th is  approach 
to the m odified complex search of Umeda and Ich ikaw a(20) and to Gaddy's 
adaptive random search. No flow sheeting program was used. The GRG a l ­
gorithm developed and used by the authors was a t le a s t tw ice as e f fe c ­
t iv e  as the other two techniques.
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In  1979 and 1980, Gaddy and D oering (21 ,22 ) applied  the adaptive ran­
dom search technique to  the contact s u lfu r ic  acid process as modeled by 
the PROPS s im ulation package. They claimed th a t the adaptive search was 
very e f fe c t iv e  in view o f the many im p lic it  c o n stra in ts  involved in mod­
e lin g  the contact s u lfu r ic  acid process.
Also in 1980 Shah and W esterberg(23) developed the Energy Recovery 
O ptim ization  Systems, EROS, which is  a flow sheeting package fo r  e v a lu a t­
ing and optim izing  the performance of simple heat exchanger networks. 
This system is  equation based and involves only heat exchangers. Later 
in 1980, Jiraponghan, Boston, B r i t t ,  and Evans(25) app lied  the  
Wi1son-Han-Powell, WHP, algorithm  to the so lu tio n  of th ree  process te s t  
problems by using reduced a n a ly tic a l models or RAMs in a tw o -t ie r  or in -  
sid e -o u t in fe a s ib le  path s tra te g y . Both lin e a r  and quadratic  simple mo­
dels were in ves tig a ted  in the tw o - t ie r  a lg o rith m . The o p tim iza tio n  was 
fa s te r  when simple quadratic  models were used in the tw o -t ie r  algorithm  
than when lin e a r  ones were used. A lso, during 1980 Himmelblau and 
B ic k e l(2 6 ) studied the ap p lic a tio n  of branch and bound techniques and 
the genera lized  reduced g rad ien t constrained non linear o p tim iza tio n  a l ­
gorithm to the problem of p lan t expansion in a h yd ro d esu lfu riza tio n  pro­
cess. The problem was o f moderate s iz e , 57 v a r ia b le s , and employed a 
s im p lif ie d  model. No flow sheeting package was used. The authors con­
cluded th a t such an algorithm  can be app lied  to th is  type of problem 
provid ing q u a n tita t iv e  re s u lts  as opposed to  decision making based on 
ru les  of thumb. They f e l t  the cost in  computer time was ju s t i f ie d .  
G aines(27) reported on the use o f a s e c tio n a lly  l in e a r iz in g  a lgorithm  
coupled w ith  a mixed in teg er LP in his studies of energy conservation
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and economical u n it operation . O n -lin e  o p tim iza tio n  c a p a b ilit ie s  were 
included and global optima were a tta in a b le  w ith  most o f the problems 
studied.
In 1983 Edahl, Locke, and W esterberg(24) recommended improvements in  
the a p p lic a tio n  o f successive quadratic  programming to chemical process 
o p tim iza tio n . They proposed the p a r t it io n in g  o f the flow sheet va ria b le s  
in to  independent and dependent v a ria b le  sets before form ation o f the re ­
duced Hessian in order to  reduce the o v e ra ll storage requirem ents. Also 
in 1983, S tadherr, Cera, and A lk ire (2 8 )  app lied  a GRG a lgorithm  to a 
model o f a c h lo r -a lk a li  c e l l .  The model included 40 v a r ia b le s , 37 
e q u a lity , and 2 in e q u a lity  c o n s tra in ts . The GRG a p p lic a tio n  was found 
to be r e l ia b le  and e f f ic ie n t  and represented a much more soph isticated  
optim iza tio n  approach over the prev iously  employed em pirical models.
In  1984 and 1985 Stadherr and C hen(29 ,30 ,31 ,3 2 ,3 3 ) proposed some mod­
i f ic a t io n s  o f the WHP a lgorithm  and then tes ted  them using th e ir  sim ul­
taneous modular s im u la to r, SIMMOD, and 5 benchmark process problems. 
The SIMMOD program uses the fu l l -b lo c k  p e rtu rb a tio n  approach fo r  the de­
r iv a t iv e  c a lc u la tio n s , the Han-Powell a lgorithm  w ith  a basic watchdog 
l in e  search procedure fo r  the op tim iza tio n  procedures, and an automatic 
scaling procedure to improve r e l i a b i l i t y  and e f f ic ie n c y . The authors 
concluded th a t th is  approach is  very e f f ic ie n t  fo r  process optim iza tio n  
problems req u irin g  between 4 and 20 ite ra t io n s  to solve a process o p t i­
m ization problem.
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In summary, these studies on the use o f o p tim iza tio n  software w ith  
flow sheeting programs showed th a t SQP u t i l i z in g  the Wi1son-Han-Powel1 
extension is  c u rre n tly  the most r e l ia b le  and e f f ic ie n t  approach fo r  the 
o p tim iza tio n  of chemical process problems w ith  e ith e r  sequential modular 
or simultaneous modular flow sheeting techniques. The use of th is  a lgo ­
rithm  w ith  equation orien ted  software has not y e t been reported . The 
ap p lic a tio n  o f SLP to  flow sheeting problems has been lim ite d  e s s e n t ia lly  
to the work of Is a a c s o n (l) w ith  a sequential modular s im ulator and 
Jiraponghan(25) w ith  a tw o -t ie r  s im u la to r. In  both studies the use of 
l in e a r  approximations to describe the process problem was compared to  
the use of quadratic  approxim ations. The use o f quadratic  models was 
more e f f ic ie n t  than the use of the l in e a r  ones. Although, the ap p lic a ­
t io n  o f GRG to process problems has been h ig h ly  successfu l, th ere  are no 
published reports  on the use of GRG algorithm s w ith  flow sheeting sim ula­
to rs .
In the next section we w i l l  discuss the s tra te g ie s  th a t have been 
used fo r  flow sheeting o p tim iza tio n . This discussion w i l l  focus on l in k ­
ing the flow sheeting programs to the o p tim iza tio n  procedures.
C Evaluation of Flowsheeting O ptim ization  S tra teg ies
The fo rm ulation  o f the o p tim iza tio n  problem is  key in lin k in g  the 
flow sheet s im ulator w ith  the o p tim iza tio n  alg o rith m . Jiraponghan, Bo­
ston, B r i t t ,  and Evans(25) have placed the methods fo r  solving process 
o p tim iza tio n  problems in to  two classes which depend on the manner in 
which the c o n stra in ts  are tre a te d . These are the fe a s ib le -p a th  class in
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which the sim ulation equations are s a t is f ie d  a t every ite r a t io n  and the 
in fe a s ib le -p a th  class in which the c o n stra in ts  are s a t is f ie d  only a t the 
f in a l i te r a t io n ,  i . e .  the converged so lu tio n . There are two fu r th e r  su­
bd iv is ions fo r  each o f these classes. In  the fe a s ib le -p a th  class are 
the black-box procedure and the block modular approach, and in the in ­
fe a s ib le -p a th  class are the modular approach and the equation orien ted  
method.
The fe a s ib le -p a th  b lack box method tre a ts  the flow sheeting sim ulation  
as a b lack box in th a t none o f the in form ation about the s tru c tu re  or 
nature o f the p a r t ic u la r  flowsheet problem is  used to help in the se­
le c tio n  of new independent v a r ia b le  values. The work o f Friedman and 
P inder(15) and a l l  o f the adaptive random search work of 
Gaddy(1 7 ,1 8 ,2 1 ,2 2 ) f a l l  under th is  c la s s if ic a t io n .
The fe a s ib le -p a th  block modular approach f i r s t  decomposes the flow ­
sheet in to  in d iv id u a l u n it operation modules or groups o f modules and 
then represents these modules w ith approximate equations. These approx­
imate equations are then used in the op tim iza tio n  subproblem. The work 
of Is a a c s o n (l) , and Parker and Hughes(2,3 ) are rep resen ta tive  of th is  
approach. Both o f the fe a s ib le  classes requ ire  many complete solutions  
of the sim ulation equations and make no use o f in fe a s ib le  so lu tio n s.
The in fe a s ib le -p a th  block modular approach also decomposes the flow ­
sheet model in to  u n it  module groups. This approach uses inform ation ob­
ta ined  from the flowsheet s tru c tu re  but does not req u ire  complete 
so lu tion  o f the flow sheet s im ulation . The tw o -t ie r  approaches reported
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by Jiraponghan(25) and S ta d h e rr(2 9 ,3 0 ,3 1 ,3 2 ,3 3 ) , and the in fe a s ib le  a l ­
gorithm of B ie g le r (5 ) ,  IPOSEQ, f a l l  in th is  c lass .
The la s t c la s s if ic a t io n  is  the in fe a s ib le -p a th  equation orien ted  ap­
proach. This approach resembles th a t o f the in fe a s ib le -p a th  block modu­
la r  method except th a t the s im ulation equations are included e x p l ic i t ly  
in  the non linear programming problem. Approximation models are not 
used. W esterberg(23) has reported some success w ith  th is  approach fo r  
the EROS energy recovery system.
The fe a s ib le  algorithm s of B ie g le r (4 ,5 ,6 )  span both the fe a s ib le  and 
in fe a s ib le  ca teg o ries . The fe a s ib le  path a lgorithm s, CFV and RFV, u t i ­
l i z e  converged flowsheet sim ulations fo r  the evaluation  o f new base 
po ints but use incom plete, p a r t ia l  passes through the flowsheet to ap­
proximate d e r iv a tiv e  in fo rm atio n . This p a r t ia l  pass d e r iv a tiv e  approxi­
mation s tra tegy is  the same as th a t used by the in fe a s ib le  algorithm , 
IPOSEQ.
Through the b lack box option the flow sheeting sim ulator can be used 
as a function th a t re la te s  the dependent v ariab les  to the independent 
varia b le s  v ia  a f u l ly  converged s im ulation . This approach has the ad­
vantages th a t the model stands alone and is  e a s ily  m anipulated and th a t  
complete converged sim ulations are used. A lso, there  are associated d i ­
sadvantages. G radient and o b je c tiv e  function evaluations req u ire  f u l l  
sim ulations. Long run times may ensue due to separate c a lc u la tio n  and 
inform ation passing between s im ulator and o p tim izer. Recycle loops can 
g re a tly  increase computation tim es.
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The o ther a lte r n a t iv e  is  to  decompose the s im ulation model in to  sub 
u n it models which can be p a r t ia l ly  perturbed and reconstructed e ith e r  as 
l in e a r  or h igher order models. This approach req u ires  much less time 
fo r  g ra d ie n t and o b je c tiv e  function  approximations but re s ts  on much 
more tenuous grounds. This approach is  analogous to  the tw o - t ie r  or in ­
s id e -o u t s tra te g ie s  in which simple models are used to  approximate the
s o lu tio n  to  complex problems. Complexity is  added in to  the simple
problem only u n t i l  a d es ired  degree o f s o lu tio n  accuracy or to le ra n c e  is  
achieved.
The advantage o f the decomposition approach is  th a t  the o v e ra ll exe­
cu tion  tim e may be reduced. The disadvantages of approxim ating the sim­
u la tio n  equations, as was done by Is a a c s o n (l) , P a rk e r (2 ,3 ) , and
J irap o n g h an (25 ), are the ad d itio n a l time and e f fo r t  needed to  decompose 
the flo w sh eet, fo rm ulate  the approximate models, and recombine the over­
a l l  model. Secondly, unless a f u l l  sim ulation is  used in  the ca lcu ­
la t io n  o f the o b je c tiv e  function  then another approxim ation is
introduced and the accuracy o f the procedure is  reduced. F in a lly ,  the 
use o f la rg e  decomposition models can re s u lt  in comparably la rg e  core 
storage.
I f  one were to  choose the black box fo rm ulation  w ith  converged flo w ­
sheet s im u la tio n s , then any o p tim iza tio n  methods re q u irin g  e x p l ic i t  der­
iv a tio n  o f q u ad ra tic  models through m u ltip le  p ertu rb a tio n s  o f the model 
would be fa r  too c o s tly  due to the e f f o r t  requ ired  to  generate the sec­
ond order approxim ations. A problem o f n independent v a ria b le s  would 
2
req u ire  n converged s im ulations to  generate a second order model. I f
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one were to choose the decomposition route then SQP is  favored. 
Is a a c s o n (l) and Jiraponghan(25) both found th a t fo r  the problems th a t  
they studied SQP is  superio r to SLP i f  the decomposition route is  taken. 
However, B ie g le r  has shown th a t the use o f the b lack box fo rm u la tio n , i f  
the o b je c tiv e  fu n c tio n  is  a c c u ra te ly  approxim ated, is  a v ia b le  a lte rn a ­
t iv e  to the decomposition method when an SQP algorithm  is  used. I f  the  
o b je c tiv e  fu n c tio n  is  a c c u ra te ly  eva luated then the o p tim iza tio n  
sub-problem is  reduced to  the s ize  o f the independent v a r ia b le s  plus the  
dependent v a r ia b le s .
Thus fa r  th ere  has been no eva lu a tio n  o f the a p p lic a tio n  o f SLP from 
the perspective  o f using complete, converged s im ulation  models in  the 
fo rm ulation  o f the o p tim iza tio n  problem. Since SLP is  e a s ie r  to im ple­
ment then SQP, such an eva lu a tio n  o f the use o f SLP in th is  fashion  
would be a b e tte r  comparison o f the r e la t iv e  u t i l i t y  o f the two d i f f e r ­
ent techniques. S im ila r ly ,  th ere  has been no eva lu a tio n  of the use o f a 
GRG algorithm  e ith e r  w ith  flow sheeting models or in the fashion ju s t  de­
scribed . Since GRG a lgorithm s have been found to be h ig h ly  r e l ia b le  and 
e f f ic ie n t ,  i t  may be th a t the g re a te r e f f ic ie n c y  of th is  type o f o p t i­
m ization a lgorithm  w i l l  o f fs e t  the g re a te r cpu time requirem ents in ­
volved w ith  the use o f f u l ly  converged models.
In summary, i t  is  im portant to keep these various p o s s ib il i t ie s  in  
mind when developing the process sim ulation  and fo rm ulating  the o p t i­
m ization problem. The se le c tio n  o f a p a r t ic u la r  approach w i l l  determine  
the amount o f d i f f i c u l t y  involved and u lt im a te ly  the amount of success 
th a t can be re a liz e d  from the o p tim iza tio n . In  the next section these
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concepts w i l l  be extended to give a program to access the importance o f 
each o f these s tra te g ie s  when app lied  to  in d u s tr ia l process op tim iza ­
t io n .
D Flowsheeting O p tim iza tio n  o f In d u s tr ia l P lants
D -l Summary o f Findings from Previous Studies and Research Needs and Ob­
je c t iv e s
Based on the a n a lys is  o f previous work, research is  needed to  inves­
t ig a te  and compare the a p p lic a tio n  o f the c u rre n tly  most popular o p t i­
m ization  techniques, i . e .  SLP, SQP, and GRG, to  commercial sequential 
modular flow sheeting programs. The l i t e r a tu r e  review  in d ica ted  th a t SQP 
is  the most popular technique. There are many rep o rts  and much inform a­
t io n  on the d e ta i ls  associated w ith  the use of the Wi1son-Han-Powell a l ­
gorithm  and SQP, but very few o f these re s u lts  are fo r  a fu l l - s c a le  
in d u s tr ia l process. A lso , SLP has only nom inally been in v e s tig a te d , and 
no a p p lic a tio n  o f GRG to  sequential modular sim ulators has y e t been re ­
ported . In a d d it io n , techniques required fo r  the a p p lic a tio n  o f SLP and 
GRG to  commercial s im ulators have not been stud ied . I t  is  unresolved 
how these th ree  techniques compare when app lied  to  the flow sheeting sim­
u la tio n  o f an e x is tin g  in d u s tr ia l p la n t. T h ere fo re , th is  research is  
aimed a t expanding the understanding o f the a p p l ic a b i l i t y  o f commercial 
s im ulators and o p tim iza tio n  methodology to  fu l l - s c a le  in d u s tr ia l proc­
esses and p la n ts . In  order to  achieve these o b je c tiv e s  a commercial 
flow sheeting package w i l l  be se lected  and used to sim ulate an in d u s tr ia l  
p la n t. Then the a p p lic a tio n  o f o p tim iza tio n  softw are fo r  SLP, SQP, and
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GRG to  the s im ulation  model w i l l  be in ve s tig a te d  to e s ta b lis h  the best 
ways to  use commercial flow sheeting codes w ith  powerful o p tim iza tio n  
softw are . In  the remainder o f th is  chapter, the se lec tio n s  of the flo w - 
sheeting system, in d u s tr ia l process, and o p tim iza tio n  algorithm s th a t 
w i l l  be used to  accomplish these o b je c tiv e s  w i l l  be described.
D-2 S e lec tio n  o f a Flowsheeting System
As noted e a r l i e r ,  the f i e ld  o f process flow sheeting has enjoyed con­
s id erab le  a t te n t io n . Consequently there  are several types o f flow sheet­
ing systems. C u rre n tly , the most useful and the only commercially 
a v a ila b le  flow sheeting programs are the sequential modular typ e . In  
Table 1-1 s ix com m ercially a v a ila b le  flow sheeting systems were l is te d .  
However, a t  the inception  o f th is  research p ro je c t only PROPS, FLOWTRAN 
and DESIGN/2000 were a v a ila b le . The ChemSnare DESIGN/2000 program was 
chosen because i t  comprised a s ta te -o f - th e -a r t  sequential modular flow ­
sheeting system. The ChemShare programs were a v a ila b le  on the LSU com­
puter system by v ir tu e  o f licen s in g  agreements th a t perm it use o f the
programs fo r  research and teach ing . This fa c t ,  ir, ad d itio n  to  the s ta ­
tus o f these programs as commercial products made them the best choice
a t th a t tim e and throughout the tim e o f th is  research.
The PROPS system is  a u n iv e rs ity  developed, second generation flow ­
sheet package which was u t i l iz e d  in Johnson1s(34 ) eva luation  and compar­
ison o f th is  and o ther flow sheeting programs. I t  does have the 
advantage o f being a v a ila b le  in  FORTRAN source code, but does not have
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the fe a tu re s  o f com m ercially a v a ila b le  programs. Thus, i t  was not s u it ­
able fo r  th is  research.
The Monsanto FLOWTRAN system was also used by Johnson(35) in her com­
p a ra tiv e  study. Although th is  package d id  fa re  w ell in th a t a n a ly s is ,  
i t  was a v a ila b le  only through a computer serv ice  bureau v ia  telephone  
l in e  hookup. A lso , FLOWTRAN does not rece ive  updating or support l ik e  
the commercial programs. Based on these considerations FLOWTRAN was not 
fe a s ib le  to  use fo r  th is  research.
D-3 S e lec tio n  o f an In d u s tr ia l Process
G enera lly  speaking flow sheeting packages are geared towards the simu­
la t io n  o f hydrocarbon processing p la n ts . The physical p ro p erties  pack­
ages and the thermodynamic options included in most flow sheeting systems 
are s u ita b le  fo r  hydrocarbon processing or re f in e ry  type problems. Ex­
ten s ive  data on hydrocarbons are included in the data bases, and pro­
v is io n s  are o ften  made to a llow  fo r  "cut" s p e c ific a tio n s  in the 
component l i s t s .  In a d d it io n , most commercial programs contain large  
rigorous d is t i l l a t io n  ro u tin e s . Consequently, some consideration  o f a 
program's a b i l i t i e s  to approach these problems is  necessary i f  a v a lid  
e v a lu a tio n  is  to  be performed. For th is  reason Johnson1s (34) e a r l ie r  
e v a lu a tio n  stud ies included a s im ulation o f the Mobil benchmark re fin e ry  
gas p la n t problem.
However, th is  d id  not represent an e x is tin g  p la n t . A lso, th is  work 
showed th a t  complete data to sim ulate an e x is tin g  p la n t was not a v a i l ­
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ab le . In fa c t ,  a l l  previous studies had simulated a p art of an e x is tin g  
p la n t or a small hypothetica l p la n t.
Previous research by Lowery(36), Crowe(37), and Doering(38) has es­
tab lis h e d  th a t a complete set o f in form ation is  a v a ila b le  to sim ulate a 
commercial p lan t fo r  the manufacture o f s u lfu r ic  acid from elemental 
s u lfu r . Secondly, through contacts w ith  the Freeport Chemical Company's 
engineers actual p lan t data were obtained on the Freeport Chemical 
Company's Uncle Sam p lan t in Convent, Louisiana. This p la n t is  rep re ­
sen ta tive  o f the curren t s u lfu r ic  acid p la n t technology, and i t  a fforded  
us the opportunity to eva luate  and v a lid a te  our sim ulation w ith  an ex­
is t in g , operating p la n t. A lso, th is  process has been studied and mod­
eled before and some o p tim iza tio n  algorithm s have a lready been ap p lied , 
thus provid ing some basis fo r  comparison and evaluation  o f our designs.
The contact s u lfu r ic  acid  process is  an inorg an ic , nonideal system 
th a t poses unique challenges fo r  sim ulation packages. Due to  the noni­
d e a lity  of the H2S0 4 -H 20 -S 0 3"S02  system special considerations must be 
made and special c a p a b ilit ie s  o f the program are required in order to  
form ulate an accurate s im u la tio n . In a d d itio n , the contact process in ­
cludes absorbers, heat exchangers, b o ile rs , rea c to rs , m ixers, e t c . ,  thus 
incorporating  a wide range of u n it operations thereby provid ing a good 
te s t  of a flow sheeting program's modular l ib r a r y .  Studies o f s u lfu r ic  
acid  p lan ts  are fu r th e r  ju s t i f ie d  by the worldwide importance o f th is  
commodity. S u lfu r ic  acid is  used as an a lk y la tio n  c a ta ly s t in petroleum  
re f in in g , in  m e ta llu rg ic a l operations to recover copper, in s tee l pro­
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course in the production of f e r t i l i z e r .
D-4 Selection  of the O ptim ization  Algorithm s
The evaluation  of Simon and Azma(35) showed th a t the MINOS op tim iza­
t io n  package is  both e f f ic ie n t  and r e l ia b le .  This package is  p a r t ic ­
u la r ly  a t t r a c t iv e  because i t  includes programs fo r  what Murtagh and 
Saunders(39) re fe r  to as the four areas of smooth o p tim iza tio n ; l in e a r  
programming, unconstrained o p tim iza tio n , l in e a r ly  constrained op tim iza­
t io n , and n o n lin e a rly  constrained o p tim iza tio n . An LP and a GRG subrou­
t in e  are included in the MINOS program. This system is  a 
s ta te -o f - th e -a r t  o p tim iza tio n  package. Since the MINOS system is  a v a i l ­
able to the general p u b lic , i t  is  an e x c e lle n t candidate fo r  use by 
p ra c tic in g  engineers in the a p p lic a tio n  of cu rren t op tim iza tio n  tech­
niques to p ra c tic a l problems. U t i l iz a t io n  of the MINOS programs in com­
b in a tio n  w ith  the ChemShare programs is  d es irab le  because both systems 
represent the s ta te  of the a r t  and both systems are a v a ila b le  to the 
p ra c tic in g  engineer. Since the MINOS system does not have an SLP a lgo­
r ith m , the use of the MINOS LP to implement the SLP approach required  
some m odifications which, in ad d itio n  to the s p e c ific  c a p a b il i t ie s  of 
the MINOS code, are presented in Chapter I I I .
E Summary
This chapter has reviewed the l i t e r a tu r e  on the ap p lic a tio n  of o p t i­
m ization algorithm s to process problems and has proposed a research pro­
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je c t  th a t w i l l  extend the c u rren t understanding in th is  area. The 
l i t e r a tu r e  review has in d ica ted  th a t c u rre n tly  the most h igh ly  regarded 
o p tim iza tio n  technique is  SQP. The research using th is  approach is  ex­
ten s ive  and s ig n if ic a n t .  However, there  s t i l l  remain other p o te n t ia l ly  
u s e fu ll areas th a t m e rit co n s id era tio n . The in te n tio n  o f th is  research  
p ro je c t is  to in v e s tig a te  some o f these areas. The fo llo w in g  comments 
summarize the research proposed here.
The in te n tio n  o f th is  research p ro je c t is  to use the ChemShare 
C orporation 's  DESIGN/2000 s im ulation package to model the contact su l­
fu r ic  acid process. This model is  to  be compared w ith  actual p lan t data 
obtained from the Freeport S u lfu r Company to v a lid a te  the sim ulation  
model. The model is  then to be used to optim ize the operating condi­
tio n s  o f the e x is tin g  p la n t through the a p p lic a tio n  o f soph isticated  
n on linear programming so ftw are, i . e .  successive lin e a r  programming, suc­
cessive quadratic  programming and reduced grad ien t a lgorithm s. Compar­
isons among these techniques and w ith  the re s u lts  published in the  
l i t e r a tu r e  w i l l  be made to eva luate  the r e la t iv e  m erits o f these d i f f e r ­
ent approaches.
The ChemShare DESIGN/2000 program is  a commercial flow sheeting pro­
gram a v a ila b le  to everyone. The sequential modular type o f flowsheet is  
c u rre n tly  the most w idely  used and most successful. Although fu tu re  de- 
s ig n -o p tim iza tio n  packages may e n ta il a decidedly d i f fe r e n t  approach, 
nonetheless the sequential approach is  a v a ila b le  now; and coupled w ith  
o p tim iza tio n  techniques, th is  very useful tool would become much more 
v a lu a b le .
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The s u lfu r ic  acid  p lan t is  an e x c e lle n t te s t  o f a flow sheeting
system's f l e x i b i l i t y  and c a p a b il i ty .  The a v a i la b i l i t y  o f actual p lan t 
data a ffo rd s  an opportunity fo r  v a lid a tio n  which is  im portant in any s i ­
mulation p ro je c t. Most previous s im ulation o p tim iza tio n  studies con­
cerned models o f te s t  problems or o f small portions o f p la n ts . This
p ro je c t w i l l  model and optim ize an a c tu a l, whole p la n t, not a te s t  prob­
lem and not ju s t  a few u n it operations.
The MINOS o p tim iza tio n  package has been evaluated in the l i t e r a tu r e  
and has been found to  be h igh ly  e f f ic ie n t  and r e l ia b le .  Since the sys­
tem is  a v a ila b le  to  the general p u b lic , i t  is  a v a ila b le  to and can be 
used by p ra c tic in g  engineers in the f i e ld .  In the consideration of op­
t im iz a tio n  s tra te g ie s  given above i t  was shown th a t the fo rm ulation of
the o p tim iza tio n  problem is  extrem ely im portant fo r  the success of the
o p tim iza tio n . No m atter how good an algorithm  is ,  the u ltim a te  succeess 
and e f f ic ie n c y  o f the search w i l l  depend upon the accuracy o f the d e r iv ­
a tiv e  and function  in form ation required during the progression o f the 
search. Consequently, in th is  p ro je c t complete s im ulation models w i l l  
be used fo r  the evaluation  o f the o b je c tiv e  fu n c tio n . Decomposition mo­
del s w i l l  not be used.
In the next chapter the d e ta i ls  associated w ith  the development of 
the s im ulation model are presented together w ith  comparisons o f the 
model re s u lts  w ith  the p la n t data . A fte r  th is ,  the use o f the simu­
la t io n  and o p tim iza tio n  programs and the development and performance of 
the economic model are described.
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Chapter I I I
SIMULATION OF THE CONTACT SULFURIC ACID PROCESS 
A In tro d u ctio n
As noted in Chapter I I ,  the s e lec tio n  o f the contact s u lfu r ic  acid  
process fo r  these modeling studies o ffe rs  many compelling advantages. 
S im ila r ly ,  the s e lec tio n  of the ChemShare sim ulation and design programs 
as rep res e n ta tiv e  o f the c u rre n tly  a v a ila b le  commercial software has 
also been ju s t i f ie d .  This chapter w i l l  describe the methods used to 
model the contact process fo r  s u lfu r ic  acid w ith  the ChemShare simu­
la t io n  software and then to apply the n on linear programming algorithm s  
discussed e a r l ie r  to  th a t model. In a d d itio n , any special m odifications  
n ecessitated  by unique problems associated w ith  the contact process w il l  
be e x p lic a te d . D e ta ils  on process modeling w ith  the ChemShare software 
w i l l  be presented as w ell as the procedures u t i l iz e d  in implementing the 
various o p tim iza tio n  algorithm s in conjunction w ith  the flow sheeting  
programs. Next, the v a lid a tio n  o f the sim ulation model w i l l  be pre­
sented. Following th is ,  the d e r iv a tio n  o f the economic model is  consid­
ered. The la s t  item  presented in th is  chapter is  the base case 
performance of the economic and process models.
B D escrip tion  o f the Contact S u lfu r ic  Acid Process
The contact process modeled here is  the Freeport Chemical Company's 
Uncle Sam p lan t in Convent, Louisiana from which actual p lan t data were
88
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obtained fo r  the purpose o f model v a lid a t io n . The Uncle Sam p lan t is  a 
4800 T/D 93% s u lfu r ic  acid  p la n t constructed by the Chemical Con­
s tru c tio n  Company in 1966. The o v e ra ll y ie ld  o f elemental su lfu r to
s u lfu r ic  acid is  a minimum of 9 7 .5?d.
B a s ic a lly , the contact process is  a th ree  step process th a t produces 
s u lfu r ic  acid and steam from a i r ,  molten s u lfu r  and w ater. As ind icated  
in  Figure 3 -1 , the th ree  steps are broken down in to  th ree p lan t sec­
tio n s . These are the feed preparation  s ec tio n , the re ac to r section , and 
the absorber section .
In the feed preparation  section the molten s u lfu r  feed is  combusted 
w ith  dry a i r .  The reac tio n  is :
S + 02 => S02 + heat (3 -1 )
This reaction  is  exothermic and goes to com pletion. The gas leaves th is  
section a t about 1800°F and is  composed o f s u lfu r  d io x id e , n itro g en , and 
unreacted oxygen.
The equipment used in th is  section includes a blower, drying tower 
and burner. The blower is  a f iv e  stage, p o ly tro p ic , steam driven tu r ­
bine w ith  an e f f ic ie n c y  o f a t  le a s t 65%. The tu rb in e  takes in approxi­
mately 130,000 cfm of ambient a i r  a t  -10 inches o f w ater and discharges 
i t  a t 170 inches o f w ater and 165°F under standard operatio n . The blow­
er tu rb in e  speed is  adjusted to change the production ra te  fo r  each 
t r a in .  The drying tower removes ambient moisture from the in take a i r
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w ith  93% s u lfu r ic  acid flow ing a t a ra te  of 4 -  5,000 gpm. The tower is  
25 fe e t in diam eter and contains 17 fe e t 2 inches of packing. This in ­
cludes a 13 fo o t 2 inch section comprised mostly o f 6 inch diam eter No. 
5 cross rin g s , 3 fe e t o f 4 inch diam eter cross rings and 1 fo o t of 2 
inch in ta l lo x  saddles.
In the burner dry compressed a i r  from the tu rb in e  discharge is  re ­
acted w ith  molten s u lfu r  to produce s u lfu r  d io x id e . A cold a i r  bypass 
is  used to m aintain burner e x i t  temperature a t 1800°F. The burner e x it  
temperature is  setpo in t c o n tro lle d  to contro l the amount of SC  ^ fed in to  
the process and because i t  is  the b o ile r  No. 1 in le t  gas tem perature. 
The setp o in t 1800°F is  d ic ta te d  by equipment l im ita t io n s  and design con­
s id e ra tio n s .
Although e a r l ie r  designs placed the u n it order as blower -  drying  
tower -  burner, newer designs now place the blower a f te r  the drying  
tower and before the burner so th a t the heat o f compression can be 
passed on in the process and e v en tu a lly  recovered ra th e r than lo s t to 
the tower ac id . The Freeport p lan t uses th is  newer co n fig u ra tio n .
The second section of a contact process p lan t is  the reactor or con­
v e r te r  section . In  th is  p a rt of the p lan t the gas m ixture from the feed 
preparation  section is  fu r th e r  reacted in f ix e d  c a ta ly s t beds to produce 
SO  ^ and heat according to the reac tio n :
S02 + h02 <=> S03 + heat (3 -2 )
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The reac tio n  is  exothermic and the eq u ilib riu m  conversion decreases w ith  
reac tio n  tem perature. For th is  reason, the process u t i l i z e s  four packed 
beds, and between each the excess heat is  drawn o f f  to reduce the gas 
tem perature. This heat is  used to produce steam. Figure 3-2 depicts  
the change in tem perature o f the gas as a function  o f the conversion of 
SO2 to  SO  ^ as the gas flows through the reac to r beds, b o ile r ,  superheat­
ers and economizer.
The f i r s t  piece o f equipment in th is  section is  the No. 1 B o ile r  
which cools the gas to  the proper temperature to en ter the f i r s t  ca ta ­
ly s t  bed w h ile  producing saturated steam. This b o ile r  is  a shell and 
tube type supplied w ith  water by natura l c irc u la t io n  from the steam 
drum. I t  is  equipped w ith  a hot gas bypass so th a t the tem perature of 
the gases en terin g  the f i r s t  bed can be c o n tro lle d . The b o ile r  produces 
saturated steam a t 495°F and 650 psig and u t i l i z e s  a 10% blowdown. The 
b o ile r  feed water drum is  m aintained a t 650 ±20 psig .
From the No. 1 B o ile r  the reaction  gases a t a c o n tro lle d  temperature  
o f 800°F flow  in to  the f i r s t  bed of the reac to r chain . The reac to r is  
38 fe e t in diam eter and consists o f four beds packed w ith  two d if fe r e n t  
types of vanadium pentoxide c a ta ly s t . The f i r s t  two beds are packed 
w ith  Monsanto's Type LP-120 c a ta ly s t whereas the th ird  and fo u rth  beds 
use type LP-110 c a ta ly s t . These are the two c a ta ly s ts  used a t  
F reep o rt's  Uncle Sam p la n t. They are newer Monsanto products th a t re ­
place the e a r l ie r  Type 210 and Type 11 c a ta ly s ts . The major d iffe re n c e ,  
as w i l l  be addressed in g re a te r d e ta il la t e r ,  is  the physical form. The 
old c a ta ly s ts  were c y lin d r ic a l p e lle ts  whereas the newer c a ta ly s ts  em-
Reproduced with perm ission o f the copyright owner. Further reproduction prohib ited w ithout permission.
93
Figure 3 -2 . Temperature-Conversion Diagram fo r  the Acid P lan t
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ploy a Rasching rin g  c o n fig u ra tio n . The purpose fo r  using two c a ta ly s ts  
is  to  have h igher c a ta ly s t a c t iv i ty  in the high SO^  co n cen tratio n , low 
tem perature zones o f the th ird  and fo u rth  beds.
As shown in Figure 3 -1 , the No. 2 B o ile r  is  one o f two b o ile rs  and is  
used to cool the e x i t  gases from the f i r s t  bed from about 1100°F to 
810°F. I t  has the same c o n fig u ra tio n  as the No. 1 B o ile r , and i t  also
produces saturated  steam a t 495°F and 650 psig .
The cooled reac tio n  gases from th is  b o ile r  then pass in to  the second 
c a ta ly s t bed. A finned tube heat exchanger is  used to cool the e x it  
gases from th is  bed. The gas then passes through the th ird  bed and then 
the second finned tube exchanger. These two exchangers generate super­
heated steam from saturated  steam produced in b o ile rs  No. 1 and No. 2. 
This superheated steam is  used to  d riv e  the blower tu rb in e  and the ex­
cess, about 48 -  52%, is  one o f the p lan t products.
The la s t  piece o f equipment in th is  section is  another heat exchanger 
c a lle d  the economizer. I t  is  a shell and tube exchanger which cools the 
e x it  gases from the fo u rth  bed down to about 470°F w h ile  preheating the 
b o ile r  feedw ater.
The f in a l section o f the contact process p la n t is  the absorber sec­
t io n . In th is  section the SO  ^ is  absorbed from the reac tio n  gas m ixture 
in to  98% s u lfu r ic  acid to  produce a more concentrated ac id . Here also  
heat is  evolved according to the equation:
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S03 + H20 => H2S04 + heat (3 -3 )
The f i r s t  piece of equipment in th is  section o f the p lan t is  the acid
absorption tower. This tower uses 98% acid  a t a ra te  of about 5,000 gpm
and produces about 99% acid . The acid  absorber also includes side
streams and cross tra n s fe rs  w ith  the 93% pump tanks thus enabling the 
p la n t to produce e ith e r  93% or 98% acid products.
From the acid  absorber, the 99% acid e f f lu e n t  enters the f i r s t  o f two 
d ilu t io n  tanks, one tank is  fo r  the drying tower and the other is  fo r  
the acid  absorption tower. In the acid absorber d ilu t io n  tank water is  
continuously added to m aintain the concentration a t 98%. In the drying  
tower tank the concentration is  m aintained a t 93% and some d ilu t io n  has 
come from the absorption o f moisture from the a i r  feed. Acid is  cross 
t ra n s fe rre d  between the 93% and 98% systems to m aintain the tower acid  
concentration and to d is tr ib u te  the heat evolved as heat of d i lu t io n .
From the d ilu t io n  tanks each acid stream passes through an acid  cool­
er as shown in Figure 3 -1 . The 98% acid absorber recycle  stream is  
cooled to 205°F and the 93% drying tower and product stream is  cooled to 
100°F. Following the acid coolers the 98% stream returns to the absor­
ber and the 93% stream is  s p l i t  in to  drying tower recycle, and product 
streams.
This concludes the b r ie f  d escrip tio n  of the co n tac t, s u lfu r ic  acid  
process. Further process d e ta ils  inc lud ing  a v a lid a tio n  o f the model 
w ith  p lan t data w i l l  be given in the discussion o f the sim ulation model.
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In  the next sec tio n , the ChemShare flow sheeting program w il l  be de­
scribed as the process flow  diagram is  converted in to  the flow sheeting  
schematic diagram.
C D escrip tion  o f the ChemShare Software Package
The ChemShare s im ulation  and design software package consists of 
th ree  program s(2). DESIGN/2000 is  the process s im u la to r, CHEMTRAN is  
the physical p ro p erties  package, and REFINE is  a special purpose program 
dedicated to designing and modifying crude d is t i l l a t io n  u n its . Both 
DESIGN/2000 and CHEMTRAN were used in th is  research and w i l l  be de­
scribed in d e t a i l .  The REFINE package was not needed. A d e scrip tio n  of 
th is  portion  of the ChemShare system is  a v a ila b le  in the ChemShare users 
g u id e (2 ) .
Although the DESIGN/2000 system is  capable o f tre a tin g  many chemical 
systems w ithout the use o f the physical p ro p e rtie s  package, the unique 
thermodynamic p ro p erties  associated w ith  the H2SO4 -SO2 -SO2 -H 2O system 
n ecessitated  the use o f the CHEMTRAN program. T h erefo re , the fo llow ing  
comments w i l l  be d ire c te d  towards the CHEMTRAN and DESIGN/2000 compo­
nents o f the ChemShare software system.
C -l DESIGN/2000
DESIGN/2000 is  the process s im ulator program p art o f the ChemShare 
software package. I t  is  a powerful and comprehensive sequential modular 
program which performs mass and energy balance c a lc u la tio n s  fo r  a wide
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v a r ie ty  o f chemical and petrochemical processes. This program is  c o n ti-  
nously maintained and updated by the ChemShare personnel. Consequently, 
DESIGN/2000, l ik e  PROCESS, CONCEPT, and FLOWTRAN, is  capable o f a l l  the 
basic s im ulation software functions as w ell as many other sp ec ia lized  
c a p a b il i t ie s  in s ta lle d  by ChemShare. New u n it  modules are continously  
being added and refinem ents o f e x is tin g  c a p a b il i t ie s  are constantly  
under way. The software is  a c t iv e ly  evolving and the personnel are very 
f le x ib le  in th e ir  e f fo r ts  to adapt the programs to the users needs.
Some o f the s p e c ia lize d  functions performed by the DESIGN/2000 s o ft­
ware were extrem ely useful in  modeling the contact process. For exam­
p le , the program contains a c o n tro lle r  module which was instrum ental in 
meeting sim ulation model setp o in t param eters. A lso, the a b i l i t y  to ac­
cess and s e le c t iv e ly  choose d if fe r e n t  thermodynamic c o rre la tio n s  fo r  
each u n it in the model fu r th e r  enhanced accuracy. Being able to include  
user supplied subroutines as user defined modules was abso lu te ly  neces­
sary to  model the contact process reac to r chain . A dd itional d e ta i ls  on 
the c a p a b il i t ie s  o f the DESIGN/2000 s im ulator are evident in the analy­
sis o f the sim ulation model presented below.
C-2 CHEMTRAN
The CHEMTRAN program is  a pow erfu l, m ultipurpose program used to pro­
vide physical and thermodynamic p ro p erties  needed by the DESIGN/2000 s i­
m ulator. There are th ree  basic services provided by the CHEMTRAN 
program: a physical p ro p erties  data bank, a physical p ro p erties  genera­
to r ,  and multicomponent data reduction . The physical p ro p erties  data
'
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bank is  the la rg e s t commercially a v a ila b le  data bank. Physical con­
stants are stored fo r  over 850 chemical compounds inc lud ing  both organ- 
ics and inorgan ics . The physical p ro p erties  generator can p re d ic t and 
c o rre la te  data to provide basic physical p ro p erties  fo r  compounds not 
a v a ila b le  in the data bank. The l i s t  o f p re d ic tiv e  methods and th e ir  
associated physical p ro p erties  a v a ila b le  to  the user is  comprehensive. 
Included are techniques fo r  p re d ic tin g  heat c a p a c it ie s , vapor pressures, 
a ccen tric  fa c to rs , d e n s it ie s , c h a ra c te r is t ic  volumes, la te n t  heats and 
s o lu b il i ty  parameters. The f i r s t  th ree  p ro p erties  l is te d  are p redicted  
by group c o n trib u tio n  methods, and the remaining p ro p erties  are e s t i ­
mated from various data c o rre la tio n s .
For multicomponent data red u ctio n , the l i s t  of options a v a ila b le  to 
the user fo r  the reduction o f m ixture data represents numerous tech­
niques. A l i s t  of the thermodynamic options fo r  K value and enthalpy  
c o rre la tio n  and p red ic tio n  is  provided in the ChemShare user's  gu ide(2) 
and in Johnson's th e s is (3 ) .  The research e f f o r t  reported here did  not 
need to employ the physical p ro p erties  generator. Of the six components 
used in the acid p la n t model, f iv e  a lready ex is ted  in the data bank and 
the remaining one was entered v ia  options provided by the system. The 
data reduction c a p a b il i t ie s  were used to reduce VLE data on the nonideal 
s u lfu r ic  a c id -w ater system.
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D The DESIGN/2000 S u lfu r ic  Acid P lan t Model
The procedure custom arily  used in se ttin g  up a s im ulation w ith  a com­
m ercial flow sheeting package is  s tra ig h tfo rw a rd . A ll s im ulation models 
s ta r t  w ith  the process flow  diagram l ik e  the one in Figure 3-1 fo r  the 
contact process. This is  converted to a process flow  ch art using flo w ­
sheeting u n it modules l ik e  the ones shown in Figures 3 -3 (a ) ,  (b ) and (c )  
fo r  th is  process.
Sequential modular programs l ik e  DESIGN/2000 possess l ib r a r ie s  of 
u n it equipment modules. There are t h i r t y - f i v e  such u n its  in the 
DESIGN/2000 l ib r a r y .  Each piece o f process equipment is  represented by 
one o f the l ib r a r y  modules. The u n it modules are connected in the flow ­
sheeting input code ju s t  as the corresponding equipment u n its  are con­
nected in the process flow  diagram. Once a l l  o f the necessary options  
are s p ec ified  and a l l  feed and te a r  streams provided, the program se­
q u e n tia lly  c a lc u la te s  the output o f each module, i te r a t in g  to conver­
gence i f  recycle  conditions e x is t .
In Figures 3 -3 (a ) ,  (b ) and (c )  the DESIGN/2000 flow sheet is  given fo r  
the acid p lan t as form ulated using the l ib r a r y  u n it modules. In Figure  
3-4 the equipment module input code is  shown as obtained from the flow ­
c h a rt, and in Table 3-1 the functions of the u n it modules are g iven. 
Now, the DESIGN/2000 input w i l l  be described beginning w ith  the equip­
ment module input and follow ed by the general section and the in l in e  
FORTRAN block inputs . A dd itional d e ta ils  on these modules and functions
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Figure 3 -3 (a ) .  S u lfu r ic  Acid P lan t DESIGN/2000 Flowchart 
Feed P reparation Section and B o ile r  No. 1
LOW PRESSURE.
.MOLTEN
AIR
PRODUCT
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Figure 3 -3 (b ) . S u lfu r ic  Acid P lan t DESIGN/2000 Flowchart 
Multibed Reactor Section
STEAM RETURN
LOW PRESSURE 504X322,
FEED WATER
REACTION GAS
TO ABSORBER
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Figure 3 -3 (c ) .  S u lfu r ic  Acid P lan t DESIGN/2000 Flowchart 
Absorber Section
DILUTION
219
COOLER
WASTE
DILUTION
WATER
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are a v a ila b le  in the ChemShare user's  m ariual(2). A lso, a complete l i s t ­
ing of the DESIGN/2000 sim ulation w ith  JCL is  given in Appendix T.
D -l Acid P lant Equipment Unit Module Input Code
The flow  ch art fo r  the process shown in Figure 3 -3 (a ) ,  (b ) and (c )  
was prepared from the flow  diagram in Figure 3 -1 . There is  a one to one 
correspondance between the equipment in the two f ig u re s . However, d i ­
v id e rs , m ixers, and c o n tro lle rs  have been added to the flow  chart as re ­
quired by the flow  diagram. This section describes the l ib r a r y  models 
th a t are lin ked  together to c o n s titu te  the process flo w ch art. Also de­
scribed are the re la tio n s h ip s  between the equipment in the p lan t and the 
p a r t ic u la r  u n it modules selected to represent each piece of equipment. 
The DESIGN/2000 input code fo r  th is  model is  given in Figure 3-4 and the  
functions of each u n it module are l is te d  in Table 3 -1 . The equipment 
module input was extracted  from the complete l is t in g  given in Appendix 
T.
D - l . l  Feed Preparation Section
In th is  section the f i r s t  piece o f equipment encountered on the flow ­
c h a rt, Figure 3 -3 (a ) ,  is  the drying tower (DRY). The shortcut absorber 
module (SHO ABS) was used to represent the drying tower. This module 
ca lc u la te s  the amount o f each component in the gas stream th a t is  ab­
sorbed by the concentrated acid l iq u id  stream using the absorption fa c ­
to r  method. V a p o r-1 iq u id -eq u i1ibrium using the Rennon equation and f iv e
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Figure 3 -4 . S u lfu r ic  Acid P lan t DESIGN/2000 Equipment 
Module Input Code
SULFURIC ACID PLANT SIMULATION
c  - .....
C- EQUIPMENT MODULES
C--------------     —
C------------------------------ ----------- -------------------------------------- --------------
c - SECTION 1: FEED PREPARATION (S TO S02)c    -----
C —  AIR DRYER
SHO ABS10=DRY,1 ,2 3 3 ,-1 0 ,-2 3 4 , STA=5 
C---------------- AIR BLOWER
COMPRE20=BLOW,1 0 ,-2 0 ,PRE OUT=20. 8 4 ,POL COE=.3798,EFF=.75 
STE IN(BTU/LBM0L)=23203.8 
STE OUT( BTU/LBM0L)=21132.0
STA=5,PRE STA(PSIA)=15.9 2 8 ,1 7 .1 5 6 ,1 8 .3 8 4 ,1 9 .6 1 2 ,2 0 .8 4 0
C----------------  BURNER BYPASS
DIV21=AIR,2 0 , - 2 1 , - 2 2 ,FLO RAT(LBMOL/HR)=10000
C----------------  BURNER MODULE
REA30=BURN,2 1 ,2 , - 3 0 ,LIM=200, C0N=1. 0 , 1 SO 
STO COE=0,- 1 ,1 ,0 ,0 , - 1  
HEA EXC31=HEAT,3 0 ,-3 1 ,DUT(BTU/HR)=1.912E8
C— ............... TEMPERATURE CONTROLLER FOR BURNER EXHAUST
C0NT500=BOUT,31,-32 
VAR FLO(MIN=10000,MAX=18000,STE=1000,LBMOL/HR) OF DIV21 
UNT TEM OF STR31=1800
C..............— BOILER #1 BYPASS
DIV32=BPAS,32,-33,-34,FL0 RAT(LBMOL/HR)=8000
C— ..........—  TEMPERATURE CONTROLLER TO BED #1
CONT510=REAT,4 1 ,-4 2  
VAR FLO(MIN=8000,MAX=15000, STE=1000, LBMOL/HR) OF DIV32 
UNT TEM OF STR41 = 800 
C------------------   — ........... -
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Figure 3 -4 (c o n t) . S u lfu r ic  Acid P lant DESIGN/2000 Equipment 
Module Input Code
c   --------
C- SECTION 2: MULTIBED REACTOR (S02 TO S03)
C .............     —
C— ...............BOILER # \
HEA EXC40=B0L1,3 3 ,3 0 1 ,-4 0 ,-3 0 3 ,HKE=LAT 
TEM OUT= 800 
MIX41=MIXR,4 0 ,2 2 ,3 4 ,-4 1
C---------------- REACTOR BED #\
ADD50=BED1,4 2 ,-50,USE BLOCK3,NEQP=12 
EQP=50., 0 . , 1 0 . , 0 . , . 4 ,0 . , 1 .8 9 ,3 * 0 . ,1 . , 1 9 0 0 .
C----------------  BOILER n
HEA EXC60=BOL2,5 0 ,3 0 2 ,-6 0 ,-3 0 4 ,HKE=LAT 
TEM OUT= 810
C— ...............REACTOR BED #2
ADD70=BED2,6 0 , -7 0 ,USE BL0CK3,NEQP=12 
EQP=70., 0 . , 1 0 . ,0 . , . 3 ,0 . , 2 .0 9 ,3 * 0 . ,1 . , 1 9 0 0 .
C----------------  SUPERHEATER #1
HEA EXC80=SUP1,7 0 ,3 2 3 ,—8 0 ,-3 2 5 ,DEL(PSIA)=0,50 
TEM OUT= 850
C---------------- REACTOR BED #3
ADD90=BED3,8 0 , - 9 0 ,USE BLOCK3, NEQP=12 
E Q P =90.,1 ., 1 0 . , 0 . , . 2 , 0 . ,2 .2 4 ,3 * 0 . ,1 . ,0 .
C —  SUPERHEATER #2
HEA EXC100=SUP2,9 0 ,3 2 7 ,-1 0 0 ,-3 2 8 ,DEL(PSIA)=0,50 
TEM OUT= 825
C---------------- REACTOR BED #4
ADD110=BED4,1 0 0 ,-1 1 0 ,USE BLOCK3,NEQP=12 
E Q P = 1 1 0 .,1 .,1 0 ., 0 . , . 2 , 0 .  , 2 .7 4 ,3 * 0 . ,1 . ,0 .
C----------------  ECONOMIZER
C—DIV201=ECFD,3 , - 2 9 8 , -5 0 6 ,FLO RAT( LBM0L/HR)=8000
HEA EXC200=ECON,1 1 0 ,3 ,-200,-300.SIM ,AREA=4005,DEL(PSIA)=0,250
C...................STEAM DRUM
FLA320=PHAS,3 0 8 ,-3 2 2 ,-3 2 1
C ------------------------ --------------- ----------------------------------------------------- --------------
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Figure 3 -4 (c o n t). S u lfu r ic  Acid P lan t DESIGN/2000 Equipment 
Module Input Code
c-------------------------------------------
C- SECTION 3: ABSORBER (S03 INTO 98% H2S04)
C---------------------------------------------------    - ................
C................. -  PRODUCT S03 ABSORBER
SHO ABS210=AABS,2 0 0 ,2 2 0 ,-2 1 0 ,-2 1 1 ,STA=10,TEM APP(F)=-15 
DIV211=DILA,4 , -2 1 2 , -5 0 0 ,FLO RAT(LBMOL/HR)=1000 
MIX212=MIXR,2 1 1 ,2 1 2 ,2 3 1 ,-2 1 3  
CONT520=DILA,2 1 3 ,-214  
VAR FLO(MIN=1000,MAX=1800,STE=200,LBMOL/HR) OF DIV211 
UNT FLO C0M1068 FRO STR 213/FLO COM62 FROM STR 213=
0.980
C..............— ABSORBER RECYCLE
DIV213=ASEP,2 1 4 ,-2 1 5 ,-2 1 6 ,FLO RAT(LBMOL/HR)=82000 
DIV214=DILP,5 , -2 1 7 , -5 0 1 ,FLO RAT( LBM0L/HR)=30 
MIX215=MIXR,2 3 4 ,2 1 7 ,2 1 6 ,-2 1 8  
C0NT530=DILP,218 ,-2 1 9
VAR FLO(MIN=30,MAX=300,STE=100,LBMOL/HR) OF DIV214 
UNT FLO C0M1068 FRO STR 218/FLO COM62 FROM STR 218=
0.930
C---------------- PRODUCT ACID COOLERS
HEA EXC220=COOL,215,-220,TEM 0UT(F)=205 
HEA EXC230=COOL,219,-230,TEM OUT(F)=100 
C----------------  DRYER RECYCLE
DIV231=PSEP,230,-231, -2 3 3 , -2 3 2 .FLO RAT(LBMOL/HR)=4000,68420 
C..............— STEAM DRUM
DIV301=WAT,3 0 0 ,-3 0 1 ,-3 0 2 ,FLO RAT( LBMOL/HR)=8000 
MI X 303=MIXR,3 0 3 ,3 0 4 ,-3 0 8
C...................  SUPERHEATER STEAM SPLIT
DIV321=SUP1,3 2 2 ,-3 2 3 ,-3 2 4 ,FLO RAT( LBM0L/HR)=2000 
CONT521=STM,325 ,-3 2 6  
VAR FLO(MIN=2000,MAX=7500, STE=1000, LBMOL/HR) OF DIV321 
UNT TEM OF STR325= 630(F)
DIV322=SUP2,3 2 4 ,-3 2 7 ,-5 0 4 ,FLO RAT( LBMOL/HR)=300 
CONT522=STM,328,-329  
VAR FLO(MIN=300,MAX=6000, STE=1000, LBMOL/HR) OF DIV322 
UNT TEM OF STR328= 630(F)
MIX323=MIXR,3 2 6 ,3 2 9 ,-3 3 0
c -  --------------    — .................... ...........
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Table 3-]i.  DESIGN/2000 Equipment Modules Used in S u lfu r ic  Acid P lant
Name A bbreviation Function
Shortcut
Absorber
SHO ABS Pred icts  the amount of each component in  
the reac tio n  gas (fe d  to  the bottoms) 
th a t is  absorbed by the acid stream  
(fe d  to  the to p ) , using the absorption  
fa c to r  method.
Compressor COMPRE Compresses a vapor to a sp e c ifie d  o u tle t  
pressure or to a pressure lim ite d  by a 
s p e c ifie d  work a v a ila b le . Used in the 
acid  p la n t model fo r  the a i r  blower
D iv id er DIV Divides a stream in to  two to  six other 
streams o f the same composition, 
tem perature and pressure.
Mi xer MIX Used to mix m u ltip le  input streams in to  
a s in g le  output stream.
Reactor REA C alcu lates  component d is tr ib u t io n  using 
key component conversion and 
sto ic h io m e tric  numbers fo r  products and 
re a c ta n ts . Used in the acid  p lan t model 
as the molten s u lfu r  burner but not as 
re a c to r beds fo r  the S0 £ converters .
Heat
Exchanger
HEA EXC Used to specify  heating or cooling of a 
stream or to c a lc u la te  a counter -  
cu rren t heat exchange between two 
streams. Used in the acid  p la n t model 
as heat exchangers, b o ile rs  and 
superheaters.
Flash FLA Separates the vapor and the liq u id  phase 
of a s in g le  two-phase stream. Used in  
the acid p la n t model fo r  the steam drum.
C o n tro lle r CONT Used to  contro l the operation o f another 
u n it  module during a run. Used in the  
acid  p la n t model to meet s e tp o in ts .
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th e o re tic a l stages were s u f f ic ie n t  to make the requ ired  tra n s fe r  of 
water in the drying tower. In  Figure 3-4 the s p e c if ic a tio n  is :
SHO ABS10 = DRY,1 ,2 3 3 ,-1 0 ,-2 3 4 , STA=5.
This en try  in d ica tes  the a i r  d ryer u n it  is  modeled w ith  a shortcut ab­
sorber (SHO ABS) w ith  equipment number 10 and is  named DRY. I t  has 
streams 1 and 233 as inputs and 10 and 234 as outputs, and i t  has 5 
e q u ilib riu m  stages.
The next piece of equipment, the blower, was modeled w ith  the com­
pressor module (COMPRE). S p e c ific a tio n s  u t i l iz e d  by th is  model are 
PRESSURE OUT, POLYTROPIC COEFFICIENT, EFFICIENCY, STAGES, and PRESSURE 
OF STAGES. Using these s p e c ific a tio n s  the compressor module was used to 
represent the f iv e  stage, p o ly tro p ic , steam driven tu rb in e  used by 
F reep o rt's  Uncle Sam p la n t. The module parameters are shown in  Figure 
3-4  on the lin e  beginning w ith  COMPRE20. The module has no option to  
perm it the actual steam streams generated by the b o ile rs  to be used to  
d rive  the tu rb in e . I t  w i l l ,  however, c a lc u la te  the q u an tity  of steam 
required i f  input and o u t le t  steam conditions are s p e c ifie d . I t  w i l l  
also c a lc u la te  the horsepower requ ired  in the operation of the compres­
sor. The f in a l c a lc u la tio n s  on the use of high pressure steam to d rive  
the tu rb in e  and on the to ta l  product steam q u a n tit ie s  were performed in 
the economic analys is  program which is  explained in Section F.
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Equipment number 21 is  the next u n it . I t  is  a d iv id e r  (D IV21) th a t  
is  used w ith  c o n tro lle r  number 500 (CONT500) to ad ju s t the burner bypass 
gas flow  ra te  to m aintain the burner o u t le t  gas tem perature a t 1800°F.
The simple reac to r module (REA30) was used to represent the com­
bustion of molten s u lfu r  in  dry a i r  in the burner. This module computes 
heat and mass balances based on the s to ic h io m e tric  c o e ff ic ie n ts  of the 
reactan ts  and products and on the s p e c if ic a tio n  o f the l im it in g  reac tan t 
and percent conversion. Since th is  reac tio n  goes to com pletion, CON=1.0 
was used in Figure 3 -4 . The ideal reac to r type to  be used fo r  the burn­
e r would be the ad ia b a tic  reac to r w ith  the heat o f reac tio n  s p e c ifie d ;  
however, th is  option was not a v a ila b le . I t  was th e re fo re  necessary 
f i r s t  to use an isothermal reac to r in order to p roperly  ad ju s t the s to i­
chiometry of the reaction  and then to use a fla s h  module (FLA31) to add 
in  the heat of re a c tio n .
From the fla s h  module the gas enters a d iv id e r  (D IV32) in which i t  is  
s p l i t  in to  two p o rtio n s , one of which then passes through B o ile r  No. 1 
and the other bypasses the b o ile r .  The two streams are combined p r io r  
to en terin g  the re ac to r chain. This s p l i t  is  used to contro l the tem­
perature  o f the gas en tering  the f i r s t  reac to r bed.
The equipment c o n tro lle r  (C0NT510) which allow s the m anipulation of 
the s p l i t  to be adjusted or c o n tro lle d  during a s im ulation run is  used 
in combination w ith  the d iv id e r  (D IV32) to ad just the cold a i r  bypass 
around the burner. The c o n tro lle r  en try  is  shown in Figure 3-3 begin­
ning w ith  CONT510.
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D -1.2  Reactor Section
The reac to r section consists of the combination of the four reac to r 
beds together w ith  the two steam b o ile rs , the two superheaters and the 
economizer. The b o ile rs , superheaters and economizer were modeled using 
heat exchanger modules and the re ac to r beds required ADD modules as 
shown in  Figure 3 -3 .
The two b o ile rs , the two superheaters and the economizer were a l l  
s p e c ifie d  as heat exchangers (HEA EXC40, HEA EXC60, HEA EXC80, HEA 
EXC100, HEA EXC200). As shown in Figure 3 -4 , the b o ile rs , superheaters  
and economizer were located before and a f te r  the reac to r chain and be­
tween each bed. Each superheater was responsible fo r a 50 psi pressure 
drop in the steam system and the economizer co ntribu tes  a 250 psi pres­
sure drop to the b o ile r  feed w a te r  stream. A separate c o n tro lle r  iden­
t ic a l  to  the one used to m aintain the burner exhaust tem perature was 
used to contro l the steam input flow to each of the superheaters so th a t  
properly  sp e c ifie d  steam products were obtained. These c o n tro lle rs  ap­
pear in Figure 3 -3 (c )  and 3-4  as C0NT521 and C0NT522. The use o f these 
c o n tro lle rs  requ ired  a d iv id e r . The two d iv id e rs  associated w ith  
C0NT521 and C0NT522 are DIV321 and DIV322.
Several s p e c ific a tio n s  are possib le in the sim ulation of the b o ile rs  
and superheaters. The thermodynamic s p e c if ic a tio n , LAT, has la te n t  heat 
liq u id  en th a lp ies  used w ith  the two b o ile rs , HEA EXC40 and HEA EXC60 of 
Figure 3 -4 . The TEMPERATURE OUT s p e c if ic a tio n  was used to set the two 
exchanger o u t le t  tem peratures of the gas stream.
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The c a lc u la tio n  procedure fo r  the b o ile rs  and superheaters uses the 
given gas stream temperature change and ca lc u la te s  the associated en­
tha lpy  change which is  then applied  to the second stream, in th is  case 
the b o ile r  w ater. The e x it  tem perature of the w ater stream is  then c a l­
cu la ted . From th is  the LMTD is  determ ined, and the area required fo r  
the heat t ra n s fe r  is  f in a l ly  c a lc u la te d .
The steam drum was modeled as a phase separator (FLA320). The pur­
pose o f the steam drum is  to separate the w ater from the steam and to  
send the water back to the b o ile rs  and the steam on to the superheaters. 
Due to severe l im ita t io n s  on the c o n tro lle r  usefu lness, the b o ile r  feed- 
water ra te  was set as was the s u lfu r  feed ra te . B o ile r  feedwater made 
only one pass through the system. Any water not converted to product 
steam and not accounted fo r  as blowdown was "dumped". This approach was 
n e c e s s ita te d  by the in a b i l i t y  of the c o n tro lle r  to ad just feedwater 
flo w ra tes  w hile  tak ing  recycle  b o ile r  water in to  account. However, i t  
was only necessary to d iscard or dump the b o ile r  feed water th a t was not 
converted in to  steam, less then 10%, which co n s titu te s  an in s ig n if ic a n t  
loss.
R eferring  to Figure 3 -3 (b ) ,  the four reac to r beds are s p ec ified  as 
add modules ADD50, ADD70, ADD80, and ADD90. The equipment s p e c if ic a ­
tio n s  fo r  each bed are given by the equipment s trin g  th a t fo llow s each 
re a c to r bed add module (EQP=). For example, the ADD module s p e c if ic a ­
tio n s  fo r  the f i r s t  bed a re ,
ADD50 = BED1, 42, -5 0 , USE BL0CK3, NEQP=i2.
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This means th a t module number 50 is  a user supplied FORTRAN add module 
named BED1 w ith  stream 42 as input and stream 50 as output. The USE 
BL0CK3 statement t e l l s  the executive program th a t the user supplied FOR­
TRAN code is  provided in BLOCK number 3 and the NEQP=12 statement in d i­
cates th a t the equipment array  associated w ith  ADD50 has 12 members. 
The equipment arrays consist o f number values s p ec ified  a f te r  the EQP= 
command. The equipment array  is  the means by which in d iv id u a l bed pa­
rameters are entered in to  the program fo r  each bed in the reac to r mod­
u le . Table 3-2 id e n t if ie s  the equipment arrays and the member e n tr ie s  
fo r  each bed.
In  the i n i t i a l  s im u la tio n s , the reac to r chain was s p ec ified  as a sim­
ple  re ac to r much as the burner described above. However, th is  represen­
ta t io n  was in no way adequate fo r  the rigorous sim ulation th a t was 
requ ired  fo r  o p tim iza tio n  s tud ies . As a re s u lt ,  the k in e tic  model de­
veloped by D oering (4) was adopted and adapted to the Freeport re a c to r. 
To incorporate  th is  FORTRAN model in to  the DESIGN/2000 code one of two 
options needed to be se lec ted . User supplied subroutines can be linked  
to  the ChemShare programs e ith e r  through separate com pilation and l in k -  
e d it  steps or v ia  the in l in e  FORTRAN fe a tu re . The decision was made to  
u t i l i z e  the in l in e  FORTRAN approach, because the l in k -e d it  inc lus ion  of 
new subroutines destroys the o verlay s tru c tu re  o f the load module th e re ­
by increasing the region space and expense requ ired  to use DESIGN/2000. 
A lso , th is  option provided the opportunity to eva luate  the im portant in ­
lin e  FORTRAN software fe a tu re .
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Table 3 -2 . Equipment Vectors fo r  Reactor Beds
Entry Id e n ti ty Bedl Bed2 Bed3 Bed4
1 Equipment Number 50 70 90 110
2 C ata lys t Type 0 0 1 1
3
0 = LP-120
1 = LP-110 
Runge-Kutta Steps 10 10 10 10
4 C ata lys t Loading, 
1iters/STPD * * * *
5 I n i t i a l  E ffec tiven ess  Factor 
fo r  1 st ite ra t io n 0 .4 0.3 0 .2 0 .2
6 Reactor Cross Section , f t 1134 1134 1134 1134
7 C ata lys t Bed Depth, f t 1.89 2.09 2.24 2.74
8 Total S02 Conversion * * * *
9 C ata lys t Bed Loading, l i t e r s * * * *
10 P rin t Option - - - -
11 C ata lys t A c t iv ity 1 1 1 1
12 Maximum Allowed Bed E x it  
Temperature 1900 1900 1900 1900
* These q u a n tit ie s  are ca lc u la te d  by the reac to r program and are 
reported in the p r in to u t.
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Several changes were requ ired  in the Doering reac to r module fo r  i t  to 
apply to  the Freeport p la n t. This m odified re ac to r module is  lis te d  in 
Appendix A. The model is  broken in to  four components; k in e t ic s , e f fe c ­
tiveness fa c to r ,  p e l le t  tem perature g ra d ie n ts , and bulk gas -  p e lle t  
tem perature g rad ien ts . Each o f these model components is  separate ly  de­
scribed below. Also, D oering 's d is s e r ta tio n  gives a d d itio n a l d e ta ils .
D -1.2a K in e tics
The oxidation  of SO  ^ to SO  ^ is  c a rr ie d  out over a vanadium pentoxide 
c a ta ly s t promoted by potassium s a lts  and supported on a diatomaceous 
earth  c a r r ie r .  As a re s u lt  o f extensive e f fo r ts  d ire c te d  towards the 
c o rre la tio n  of reac tio n  ra te  data fo r  the SO  ^ ox id a tio n  re a c tio n ,
S02 + H02 <=> S03 + heat (3 -2 )
H arris  and Norman(8 ) developed a ra te  expression using Monsanto Type 11 
and 210 c a ta ly s ts . This expression is  given in Figure 3 -5 . In  add ition  
to p a r t ia l  pressures, to ta l pressure and thermodynamic e q u ilib riu m  con­
s ta n ts , th is  expression u t i l iz e s  four Arrhenius constants. These four 
parameters were evaluated from ra te  data using the Type 11 and 210 cata­
ly s ts . However, F reep o rt's  Uncle Sam p lan t no longer uses these ca ta ­
ly s ts . Instead the Freeport p la n t uses the newer Monsanto Type LP-120 
and LP-110 c a ta ly s ts . The physical p ro p erties  of these two c a ta ly s ts  
are given in Table 3 -3 . These two systems are being marketed as new, 
low pressure drop c a ta ly s ts  by Monsanto. From conversations w ith  the 
tech n ica l s ta f f  a t Monsanto's Enviro-Chem D iv is io n  in S t. Louis, Mo., i t
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Figure 3 -5 . H arris  and Norman S02 Conversion Rate E quation(8 )
Reaction:
Reacti on 
Rate :
Equation
= SO,
P u P r S02 r 0
( A + BP0 + CPS( ■ Dp<;n )
kppso2 po2'5
where:
S0 2 = ra te  of re a c tio n , gm-mole o f S0 2 converted
hr-gram o f c a ta ly s t
p0 , P^q , P^q = in te r fa c ia l  p a r t ia l  pressures
of 0 2 , S02 , S0 3 , atm.
r 0o
PS0 = in te r fa c ia l  p a r t ia l  pressures of 02 and
pressure a t the po in t in the reac to r under 
con s id era tio n , atm.
K = thermodynamic e q u ilib riu m  constant, atm 2.
A ,B,C,D = H arris  and Norman constants.
C a ta lys t Type LP-120 
A = exp ( -5 .6 9  + 4060/T )
B = 0
C = exp (6 .4 5  -  4610/T )
D = exp ( -8 .5 9  + 7020/T)
C ata ly s t Type LP-110 
A = e x p (-6 .80 + 4960/T)
B = 0
C = exp (1 0 .3 2  -  7350/T)
D = exp ( -7 .3 8  + 6570/T)
where 
T = tem perature, K
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Table 3-3 C a ta lys t Physical Properties
Physical Property LP-120 LP-110
Buik d e n s ity , l b / f t 38.1 33 .8
Apparent d e n s ity , g/cm 0.985 0.873
Mean pore rad iu s , cm 6.14E-15 3.79E-5
Open porosity 0.483 0.534
Void fra c tio n 0.38 0.38
T o rtu o s ity  fa c to r 8 .19 3 .0
P e lle t  length , mm 12.5 9 .5
P e lle t  d iam eter, mm 12.5 9 .5
Spherical d iam eter, f t 0.0540 0.0405
C a ta lys t reaction  length , f t 0.00907 0.00681
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was estab lished  th a t the LP-120 c a ta ly s t is  of a s im ila r  fo rm ulation  to  
the T-210 product and LP-110 is  the same fo rm ulation  as the T—11 ca ta ­
ly s t .  As pointed out in the marketing l i t e r a t u r e ,  the newer LP m a te ri­
a ls  e x h ib it  the same bed tem perature versus bed depth p r o f i le s ,  i . e .  the  
same conversion performance, however a t 45?0 to 50?o lower pressure drops. 
This is  due to a change in the physical shape of the c a ta ly s t p e lle ts .  
Whereas the o ld er m a te ria ls  had a c y lin d r ic a l shape, the new c a ta ly s ts  
u t i l i z e  the Rasching rin g  form. This d iffe re n c e  w i l l  change the e f fe c ­
tiveness fa c to r  as w i l l  be described subsequently, but the newer ca ta ­
ly s ts  have the same form ulation  and performance as the o ld er c a ta ly s ts . 
T herefore , the parameter values fo r  the o ld er c a ta ly s ts  as oLtained by 
H a rris  and Norman were used w ithout m o d ific a tio n . Figure 3-5 l is t s  
these parameter values fo r  LP-120 and LP-110.
D-1.2b E ffectiven ess Factor
I t  was necessary to modify the e ffe c tiv e n e s s  fa c to r  in the k in e tic  
model to account fo r  the change in shape from p e lle ts  in the o lder ca ta ­
ly s t  to Rashing rings in the cu rren t c a ta ly s t . The e ffec tiv e n e s s  fa c to r  
is  m u ltip lie d  times the in t r in s ic  ra te  in order to account fo r  d iffu s io n  
through the c a ta ly s t pores. I t  is  c a lcu la ted  from the T h ie le  modulus 
using the fo llo w in g  e q u a tio n (4 ),
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tanh(TH)
1 1
TH
(3 -4 )
where is  the e ffe c tiven ess  fa c to r  and TH is  the T h ie le  modulus. 
Thus, the e ffe c tiv e n e s s  fa c to r  is  a measure o f the e ffe c ts  of in tra p a r ­
t i c le  reac tan t d iffu s io n  on the ra te  o f re a c tio n . This fa c to r  is  calcu­
la ted  by the T h ie le  method based on a pseudo f i r s t  order ra te  
c o r re la t i  on.
The e f fe c t  of the d if fe r e n t  physical config u ra tio n s  in the c a ta ly s t  
is  seen in the c a lc u la tio n  o f the T h ie le  modulus as given by the 
expression(4) below,
ly s t  void fra c t io n . The e f fe c t  of the physical dimensions of the cata­
ly s t  p a r t ic le s  on the T h ie le  modulus is  seen in the c a lc u la tio n  o f dp. 
In  his d is s e rta tio n  research Doering used c a ta ly s t p e l le t  dimensions of 
7 /32 inch by 13/32 inch. Doering c a lcu la ted  dp as in Example 9-1 of 
Sm ith's Chemical Engineering K in e tics  ( 9 ) .  In th is  example Smith u t i ­
l iz e d  the fo llo w in g  expression,
where, TH is  the T h ie le  modulus, dp( f t )  is  the c a ta ly s t p e lle t  diam eter 
as a sphere, k (h r is  the ra te  o f re a c tio n /co n cen tra tio n  o f SO^, 
De.p f ( f t“V h r )  is  the e f fe c t iv e  d i f f u s iv i t y  of SOg, and is  the ca ta -
ird p^  = irdL + k(-nd^) ( 3 -6 )
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which represents as the diam eter o f a sphere w ith  the same surface  
area as th a t of c y lin d r ic a l p e lle ts .  Smith used th is  expression because 
he wanted to fin d  the Reynolds number o f a c y lin d r ic a l p e l le t ,  and not 
to  f in d  the e f fe c t iv e  reac tio n  length . According to Levenspiel(2 1 ) the 
accepted reac tio n  length dimension used fo r  long c y lin d r ic a l p e lle ts  is  
one h a lf  the p e l le t  rad iu s . For a r b i t r a r i l y  shaped c a ta ly s ts  the ra t io
o f the p e lle t  volume to  e x te r io r  p e l le t  surface area is  used fo r  the re ­
action  path length .
To approach chemical eq u ilib riu m  among the reactan ts  and products a t  
the end of the re a c to r , the T h ie le  modulus must be low so th a t the e f ­
fectiven ess  fa c to r  is  high, i . e .  approaches one. In Doering 's ca lcu ­
la t io n  of dp the p e l le t  dimensions were small and a high e ffe c tiven ess  
fa c to r  ensued. However, the new c a ta ly s ts  Rasching rin g  dimensions are 
la rg e r , and the diam eter estim ation fo r  Reynolds number ca lc u la tio n s  is  
not s u ita b le  fo r  the estim ation  of the reac tio n  length param eter.
Based on Levensp ie l's  recommendation(21) i t  was decided to replace  
the one parameter u t i l iz e d  by Doering fo r  both the p a r t ic le  e f fe c t iv e  
length and fo r  Reynolds c a lc u la tio n s  w ith  two param eters, dp and d-j. 
The f i r s t  q u a n tity , dp , is  the diam eter estim ation  fo r  Reynolds number 
c a lc u la tio n s , and i t  was c a lcu la ted  as the r a t io  of p e l le t  volume to ex­
te rn a l p e lle t  surface area. The surface area c a lc u la tio n  included the 
inner surface o f the annulus. The expression used is  as fo llo w s:
dp = doL + di L ^ ( d o -  d i ) (3 -7 )
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where, dp( f t )  is  the e f fe c t iv e  p e lle t  d iam eter, dQ( f t )  is  the outer ring  
diam eter, d ^ f t )  is  the inner rin g  d iam eter, and L ( f t ) is  the p e lle t  
length . This param eter, dp , represents the diam eter o f a spherical par­
t i c le  w ith  the same volume to surface area ra t io  as the Rasching ring  
c a ta ly s t p e lle ts .  This is  the same c a lc u la tio n  used by Doering except 
th a t an a d d itio n a l consideration  must be included fo r  the surface area
of the inner surface o f the annulus. The second param eter, d-j, is  the
p a r t ic le  e f fe c t iv e  length and was c a lcu la ted  as one h a lf  the thickness  
of the annulus. Use o f th is  approach approximates the p a r t ic le  in  the 
same fashion as a long c y lin d r ic a l p e lle t  or a f l a t  surface thereby ac­
counting fo r  gas d iffu s io n  from the inner surface o f the annulus.
Monsanto provided average length and diam eter dimensions on i ts  
Rasching ring  c a ta ly s ts , but they do not provide dimensions on the diam­
e te r  of the inner vo id . Only approximate ranges were a v a ila b le , i . e .  
the diameters range from one q u arte r to  one th ird  of the outside diam­
e te r . Consequently, two d if fe r e n t  inner dimensions were considered. In 
the f i r s t  case, the inner diam eter was considered to be 22% of the over­
a l l  d iam eter. In the second case the inner diam eter was 35% of the out­
side ring  d iam eter. Use o f the second s p e c if ic a tio n  generated closer  
agreement w ith  the p la n t data and was th e re fo re  continued in a l l  subse­
quent s im ulations. The use of one parameter was accurate fo r  the p e lle t
dimensions used in D oering 's model. However, fo r  th is  research the dual 
rep resentation  o f the p a r t ic le  dimensions was necessary because o f the 
new c a ta ly s t c o n fig u ra tio n .
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The e ffec tiv e n e s s  fa c to r  c a lc u la tio n s  required the determ ination of 
the e f fe c t iv e  d i f f u s iv i t ie s  as shown in equation ( 3 - 5 ) .  These ca lcu ­
la tio n s  were c a rrie d  out in the usual fashion and are explained in  
Doering 's d is s e r ta tio n . No o ther m odifications were neccessary. The 
FORTRAN code fo r  these c a lc u la tio n s  is  included in the reac to r module 
code given in Appendix A.
D-1.2c P e lle t  Temperature Gradient
I f  heat conduction were slow w ith in  the c a ta ly s t compared to heat 
generation then in t r a p a r t ic le  g radients could develop. Based on the 
c r ite r io n  developed by C arb erry (lO ) fo r  determ ining the exten t o f a tem­
perature grad ien t w ith in  a c a ta ly s t p a r t ic le ,  Doering concluded th a t a 
s ig n if ic a n t  temperature g rad ien t does not e x is t and th e re fo re  any tem­
perature grad ien t w ith in  a given p a r t ic le  has an in s ig n if ic a n t  e f fe c t  on 
the reac tio n  ra te  fo r  th is  system. Consequently, Doering did  not in ­
clude in t r a p a r t ic le  tem perature g rad ien t e ffe c ts  in the form ulation of 
his model. D oering(4) noted th a t in general C arb e rry (10 ,11) found th a t  
fo r in d u s tr ia l c a ta ly s ts  the major res istance to mass tra n s fe r  lie s  
w ith in  the c a ta ly s t p e lle t  and the major res is tance to heat tra n s fe r  is  
across the external gas f i lm .
D-1.2d Bulk Gas to  P e lle t  G radients
The c a ta ly s t p e lle ts  are assumed to function  iso th erm ally  as noted 
above. The major res is tance to heat t ra n s fe r  is  across the external gas 
f i lm . I f  the temperature grad ien t across the gas f ilm  can be calcu­
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la te d , then the p e l le t  tem perature can be obtained assuming the bulk gas 
tem perature is  known. To do so, Doering included a method o f c a lc u la t ­
ing temperature grad ien ts  suggested by Yosh ida(5). The c a lc u la tio n  of 
gas v is c o s it ie s  was performed using the method o f Yaws, Li and Kuo(6 ) .  
No m odifications were necessary in th is  section o f the re ac to r model.
D -1.2e Solution o f the Reactor Performance Equations and Other M o d ifica­
tions
The reac to r performance equations consisted o f coupled ord inary d i f ­
fe r e n t ia l  equations based on the m ateria l and energy balances fo r the 
conversion o f S03 to  SO^. The equations describ ing  the conversion in 
each reac to r bed a re ,
SO^, and AH  ^ is  the heat of reac tio n  fo r  the SO, to S03 conversion. The 
reaction  ra te  fo r  the conversion of S0 £ to S0 3 is  ca lc u la te d  from the 
H a rr is , Norman ra te  constant using the equation given below.
dF,SO. Ar <SO. (3 -8 )3
dz
and,
dH ~ " A r s o 3 AHR (3 -9 )
dz
where F<.n is  the conversion and H is  the enthalpy a t po in t z in the iu 3
bed, A is  the bed cross sectional area , r 30 is  the ra te  o f form ation of
(3 -1 0 )
3
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where is  the e ffe c tiv e n e s s  fa c to r  defined in equation (3 -4 )  and pg is  
the bulk density  o f the c a ta ly s t . These equations were coded in to  the  
FORTRAN module lis te d  in Appendix A. They were in teg ra ted  by Doering 
u t i l i z in g  a fo u rth  order Runge-Kutta method to  obtain conversions and 
o u tle t  temperatures fo r  each bed. E ffec tiven ess  fa c to r  and c a ta ly s t  
s u rface-bu lk  gas tem perature grad ien ts  were c a lcu la ted  a f te r  each 
Runge-Kutta step. The p e rtin e n t assumptions include plug flo w , uniform  
ra d ia l tem perature and concentration p r o f i le s ,  n e g lig ib le  a x ia l d is p e r­
sion, ad ia b a tic  re a c to r w a lls , and ideal gas behavior. Pressure drop 
was assumed to be constant a t 0 .2  p s i / f t .  except fo r  the f i r s t  bed which 
was subjected to an a d d itio n a l 0 .8  psi pressure drop to account fo r  any 
remaining d i r t  in the gas.
This reac tio n  system is  one fo r  which the mass and energy balance 
equations must be solved sim ultaneously. As w ith  any other s im ila r  cou­
pled re a c tio n , the numerical in te g ra tio n  o f these equations required the  
a b i l i t y  to c a lc u la te  the in term ed iate  temperatures a t each ite ra t io n  
based upon f in i t e  changes in the composition o f the reac tio n  gas. The 
PROPS sim ulation program used by Doering possesses a subroutine function  
th a t can be c a lle d  from any sim ulation and which c a lc u la te s  the temper­
ature  of any stream given i t s  composition and en thalpy. The analogous 
function  in the ChemShare system would be a c a ll to  the ad ia b a tic  fla s h  
given a s p e c ifie d  change in en thalpy. U n fo rtu n ate ly , the c a ll to an 
ad ia b a tic  fla s h  from the in l in e  FORTRAN code would not work, even though 
the separate a d ia b a tic  fla s h  module operated c o rre c tly . Consequently, a 
subroutine, NEWTEM, was w r itte n  to  c a lc u la te  the gas tem perature based 
on the gas enthalpy and composition and i t  is  included in the re ac to r
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model code. This short subroutine used the ideal gas approximation and 
is  lis te d  w ith  the re ac to r module in Appendix A. There is  no way to ac­
cess physical property data d ir e c t ly  from the in l in e  FORTRAN fe a tu re , 
and i t  was neccessary to  include c r i t ic a l  temperatures and volumes fo r  
the gas v is c o s ity  c a lc u la tio n s  and heat capacity  c o e ff ic ie n ts  fo r  tem­
p erature  c a lc u la tio n s .
Other m odifications o f D oering 's model included removal of the reac­
to r  s iz in g  and costing c a lc u la tio n s . These were design mode equations 
and were not needed. Since Doering ca lc u la te d  reac to r cross sectional 
area fo r  each sim ulation based on to ta l molar throughput, th is  design 
orien ted  c a lc u la tio n  was also removed. A fix e d  re ac to r c ross-sectional 
area was s p ec ified  in accordance w ith  the Freeport p la n t data.
The la s t m o d ificatio n  involved the adjustment o f array  subscripts  
throughout the model. The PROPS component l is t in g  used by Doering d i f ­
fered  from th a t used w ith  ChemShare, and i t  was neccessary to ad ju s t and 
re a lig n  the appropria te  components and a rray  subscrip ts .
D -1 .3  Absorber Section
The absorber section is  the th ir d  and la s t  p lan t section . The absor­
ber is  the most im portant piece o f equipment in the absorber section and 
perhaps in the e n t ire  p la n t. The absorber was modeled w ith  the shortcut 
absorber module (SHO ABS210). The absorber code is  l is te d  in Figure 3-3  
as,
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SHO ABS210 = AABS,2 0 0 ,2 2 0 ,-2 1 0 ,-2 1 1 , STA=10,TEM APP(F)=-15.
This en try  s p e c ifie s  u n it  210 as a shortcut absorber named AABS fo r  acid  
absorber, w ith  gas input stream 2 0 0 , gas ouput stream 2 1 0 , l iq u id  input 
stream 220, and l iq u id  input stream 211. Ten stages were s p ec ified  and 
the tem perature between the output gas and the input l iq u id  should be 
15°F. The Rennon c o rre la tio n  successfu lly  enabled the absorber to rep­
resent the absorption o f SO  ^ in to  the acid so lu tion  and the form ation of 
H^SO  ^ from the SO  ^ and excess H2O. The acid tower requ ires  98 mole % or 
99.6 wt. % H2 SO4 to  provide optimum SO^  absorption. Acid concentrations  
in the oleum range re ta rd  the SO  ^ absorption ra te  and lower concen­
t ra tio n s  of acid e x h ib it  low SO  ^ s o lu b il i ty  due to the presence of fre e  
w ater.
From the absorption tower the e f f lu e n t  stream enters the la rg e r of 
the two d ilu t io n  tanks. Both d ilu t io n  tanks were modeled w ith  the mixer 
module (MIX212, M IX215). This allowed fo r  the ad d itio n  of d ilu e n t water 
and cross tra n s fe r  ac id . Each d ilu t io n  tank was equiped w ith  i t s  own 
d ilu e n t water feed and w ith  an equipment c o n tro lle r  (CONT520, CONT530) 
so th a t concentration s p e c ific a tio n s  could be met. The cross tra n s fe r  
scheme is  used by Freeport fo r  th ree  purposes. I t  reduces d ilu t io n  
w ater, i t  spreads the heat load over several pieces o f equipment, and i t  
enables the p la n t to produce e ith e r  93% or 98% acid product. Cross 
t ra n s fe r  ra tes  are ad ju s tab le  by valve but remain set during normal pro­
duction . A lso, two water cooled heat exchangers were used to reduce the 
acid recycle tem perature to 205°F (HEA EXC220) and the drying  
tower -  product acid to 100°F (HEA EXC230).
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The only o ther equipment modules not a lready discussed are various  
mixers and d iv id e rs . A d iv id e r  is  necessary whenever a c o n tro lle r  is  
used to  contro l a parameter through flow  ra te  m an ipu lation . Mixers  
were used wherever there was a need to know the conditions o f a given 
stream. Since every equipment module au to m a tic a lly  performs an a d iab at­
ic  mix i f  more than one input stream is  s p e c if ie d , the mixer is  ra re ly  
needed. In  th is  research two mixers were used to  represent the d ilu t io n  
tanks, and two others (M IX303, MIX323) were used to prompt DESIGN/2000 
to  p r in t  the stream status of streams of in te re s t .
This concludes the treatm ent of the equipment modules used in the s i ­
m ulation of the contact process. The fo llo w in g  comments w i l l  address 
the remaining DESIGN/2000 input requirem ents.
D-2 General Section Input Code
The general section commands are used to e n te r a l l  o f the inform ation  
and s p e c ific a tio n s  which are general to the process and not s p e c ific  to 
any p a r t ic u la r  equipment module. The type o f in form ation entered in 
th is  section includes component id e n t i t iy  numbers, recycle  te a r  stream 
flo w ra te s , feed and recycle  stream temperatures and pressures, o vera ll 
process thermodynamics, recycle  and convergence c r i t e r ia ,  output u n it 
s p e c if ic a tio n s , output p r in t  c o n tro l, and save stream data f i l e s .  The 
fo llo w in g  comments w i l l  address only those s p e c ific a tio n s  used in the 
sim ulation of the contact process which are l is te d  in Figure 3 -6 , which 
was extracted  from the complete input l is t in g  given in Appendix T.
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Figure 3 -6 . ChemShare General Module Input Code
C— -------       - ...................... .............
C- GENERAL MODULE
C -----------   -
GEN, COM=46,47 ,5 1 ,6 2 ,1 0 6 8 ,2 0 0
RENNON K, IDEAL VAPOR, EXC LAT
CHE FIL=H20, S03, VLE
TOTAL FLO(LBMOL/HR)l= 16000
FLO(FRA)1= 0 .7 8 4 ,0 .2 1 0 ,0 . ,0 .0 0 6 ,2 *0
FLO(LBMOL/HR)2= 5*0,1500
FLO(LBMOL/HR)3= 3 *0 ,1 2 0 0 0 ,2 *0
FL0(LBM0L/HR)4= 3 *0 ,1 8 0 0 ,2 *0
FLO(LBM0L/HR)5- 3 *0 ,2 0 0 ,2 *0
FLO(LBM0L/HR)214= 3 *0 ,44902,44 003,0
FLO(LBM0L/HR)230= 3 *0 ,39127,36 388,0
FLO(LBMOL/HR)300= 3 *0 ,1 2 0 0 0 ,2 *0
TP (F ,P S IA )1= 7 0 ,14 .7
TP(F,PSIA)2= 275,170
TP(F, PSIA)3= 250,900
TP(F,PSIA)4= 62,80
TP(F, PS IA )5= 62,80
TP(F,PSIA)214= 220 ,14 .7
TP(F,PSIA)230= 100,14 .7
TP(F,PSIA)300= 465,650
REC STR= 214,230,300
REC SEQ = 213,220
2 3 1 ,1 0 ,2 0 ,2 1 ,3 0 ,3 1 ,5 0 0 ,2 1 4 ,2 1 5 ,5 3 0 ,2 3 0 ,3 2 ,3 0 1 ,4 0 ,4 1 ,5 1 0 ,5 0
6 0 ,7 0 ,3 0 3 ,3 2 0 ,3 2 1 ,8 0 ,5 2 1 ,9 0 ,3 2 2 ,1 0 0 ,5 2 2 ,1 1 0 ,2 0 0 ,2 1 0 ,2 1 1 ,2 1 2 ,5 2 0
REC SEQ2= 323
CON TOL= 0 .001 , MAX= 10
C ---------- --------------------------------------------------------------------------------------------------------
Reproduced with perm ission o f the copyright owner. Further reproduction prohib ited w ithout permission.
128
The f i r s t  command in the general section (C0M=) s p e c ifie s  the compo­
nent id e n t i t ie s .  Six components were included in th is  s im u la tio n , 
N2 (4 6 ) ,  02 (4 7 ) ,  H20 (6 2 ) ,  S (2 0 0 ), S02 (5 1 ) ,  and S03 (1 0 6 8 ). Of the  
six only elem ental s u lfu r  was not included in the data bank, and phys­
ic a l constants were entered fo r  molten s u lfu r . This procedure is  out­
lin e d  in the comments on CHEMTRAN. S u lfu r appears on the flowsheet as 
component 200. Component numbers 200 through 299 are reserved fo r  user 
added nonstandard m a te r ia ls .
The next command (RENNON K, IDEAL VAPOR, EXC LAT) s p e c ifie s  three of 
the four thermodynamic options used in th is  sim u latio n . RENNON K in d i­
cates th a t the Rennon parameters are to  be used in  the determ ination of 
K values. The IDEAL VAPOR is  a special command used only w ith  Rennon or 
Wilson c o rre la tio n s . I t  s p e c ifie s  idea l vapor phase a c t iv i ty  c o e f f i ­
c ie n ts . The EXC LAT command s p e c ifie s  th a t the excess enthalpy as a 
function o f tem perature and l iq u id  composition be c a lcu la ted  using the  
Rennon param eters. Each of the b o ile rs  is  s p ec ified  w ith  the LAT option  
which s p e c ifie s  th a t la te n t  heats o f v a p o riza tio n  are to be used in the 
c a lc u la tio n  o f the l iq u id  en th a lp ie s .
These are the four thermodynamic options s p ec ified  in th is  flow sheet. 
Thus each b o ile r  uses la te n t  heat liq u id  en th a lp ie s . A ll vapor phase 
components are tre a te d  as ideal gases. A ll S03 -H20 m ixture K values are 
c a lc u la te d  w ith  the Rennon parameters. A lso, a l l  S03 -H20 
a b s o rp tio n -reac tio n  en th a lp ies  are c a lcu la ted  as excess la te n t  en th a l­
pies using the Rennon parameters.
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The CHE FIL command in d ica tes  th a t a chemical f i l e  (H20,S03,VLE) must 
be c a lle d  to obtain some necessary in form ation th a t is  not norm ally  
a v a ila b le  to DESIGN/2000. This in form ation is  the physical property va­
lues fo r  s u lfu r  and the Rennon param eters, both o f which had been stored  
in the f i l e  created by the CHEMTRAN program.
The next 17 e n tr ie s  specify  the flo w ra tes  (FLO), and temperatures and 
pressures (TP) o f the f iv e  feed streams and o f the th ree  te a r  streams. 
DESIGN/2000 a u to m atica lly  determines the u n it c a lc u la tio n  sequence and 
the minimum number of te a r  streams. This in form ation can be obtained by 
running a CHECK INPUT s im u la tio n . I f  d es ired , the autom atic sequencing 
and recommended te a r  streams can be used. These automatic options were 
u t i l iz e d  in many o f the e a r l ie r  s im ulations. However, when equipment 
c o n tro lle rs  were added to the model to generate a b e tte r  s im u la tio n , the 
automatic options reduced c a lc u la tio n  e ff ic ie n c y . Each c o n tro lle r  is  a 
loop in the flow sheet, and th e re fo re  the number o f equipment modules be­
tween the c o n tro lle r  and the co n tro lle d  u n it , i . e .  w ith in  the loop, 
should be minimized. The autom atic options do not take th is  in to  ac­
count and th e re fo re  were abandoned in favor o f user supplied sequences 
and te a r  streams. Thus, the recycle  stream command (REC STR) was used 
to specify recycle  te a r  streams and the recycle  sequence command (REC 
SEQ) was used to specify  the u n it  c a lc u la tio n  sequence.
The la s t  command in the general section sp e c ifie d  the convergence 
(CON T0L=) to lerance th a t the recycle  ca lc u la tio n s  must achieve fo r  the  
sim ulation to converge. The d e fa u lt  is  0.001 or 0.1%. The MAX command 
lim its  the number of c a lc u la tio n  loops a v a ila b le  to  the program. The
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d e fa u lt  is  1. The d e fa u lt  to leran ce was used and a maximum of 10 i t e r ­
atio n s  was sp e c ifie d  fo r  the sim ulations used in th is  p ro je c t. This to ­
lerance and number of i te ra t io n s  was s a tis fa c to ry  to obtain converged 
flow sheet sim ulations w ith in  a reasonable amount of cpu tim e.
D-3 In l in e  FORTRAN Block
The DESIGN/2000 in l in e  FORTRAN c a p a b ility  allows the user to add FOR­
TRAN subroutines in to  the sim ulation model. This option perm its the  
user to include c a p a b il i t ie s  in a model th a t o rd in a r i ly  are not a v a i l ­
able through the ChemShare u n it l ib r a r y .  For example, th is  option ena­
bles the user to code and include a u n it s iz in g  and costing ro u tin e  i f  
d es ired . The in l in e  FORTRAN option was used to add the m odified Doering 
reac to r module to the acid p la n t model. This c a p a b ility  is  made possi­
ble through the inc lusion  of a FORTRAN com piler in the DESIGN/2000 pro­
gram. Although the com piler is  supposed to be on the order o f a FORTRAN 
G1 processor, there  are some notable d e fic ie n c ie s , e .g . formated input 
or output statements are not recognized. However, the user is  able to  
access function  subroutines, FORTRAN mathematical l ib r a r ie s ,  and 
DESIGN/2000 subroutines. This fe a tu re  is  very new to  the ChemShare sys­
tem. As noted in conversations w ith  ChemShare user support s ta f f  the  
research reported here incorporates uses and expansions of these pro­
grams beyond any previous l im its .  The fo rm ulation  o f the in l in e  fea tu re  
is  o u tlin ed  below. D e ta ils  on the strengths and weaknesses of th is  op­
t io n  are given in the section on model v a lid a t io n .
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The input code needed to include the reac to r module as a user sup­
p lie d  subroutine is  l is te d  in Figure 3 -7 . The actual FORTRAN codes are  
l is te d  in Appendix A. The f i r s t  en try  o f the in l in e  block (KTRACE=) 
sets the e rro r  f la g  to zero . This parameter is  used to  in d ic a te  the op­
e ra tio n a l status of the subroutine and can be used w ith in  the user sup­
p lie d  subroutine to abend execution of the subroutine. The next en try  
(FORTRAN) t e l l s  the program th a t the in l in e  FORTRAN fea tu re  is  being 
used. The BL0CK3 command is  used to d efine  the user supplied subrou­
tin e s  th a t are associated w ith  BL0CK3 and th a t w i l l  be c a lle d  upon when­
ever USE BLOCKS appears in the DESIGN/2000 input code. In th is  case, 
there  are only two user subroutines. Subroutine MAIN is  the reac to r mo­
dule and subroutine NEWTEM c a lcu la tes  the tem perature o f the reaction  
gases a f te r  each Runga-Kutta i te r a t io n .  Both subroutines are needed in 
the s im ulation o f a reac to r bed. I f  an a d d itio n a l subroutine were in ­
cluded in the l ib r a r y  i t  would also be addressed through a BLOCK com­
mand. For example, i f  a th ird  subroutine c a lle d  SIZE were included in 
the in l in e  FORTRAN so th a t pipe s iz in g  could be performed, then a block 
command s im ila r  to BL0CK5=1, SIZE would be requ ired  to in d ic a te  th a t one 
subroutine by the name of SIZE is  to be c a lle d  whenever USE BL0CK5 oc­
curs in the equipment module l i s t .  The FORTRAN codes are entered by the 
START LIBRARY and STOP LIBRARY commands. The subroutine MAIN arguement 
l i s t  and the DIMENSION statements are required in order to  incorporate  
the in l in e  code in to  the DESIGN/2000 main program. The user supplied  
FORTRAN subroutines are entered as in d ica ted  in Figure 3 -7 . Thus, a l l  
user added subroutines are entered through the START LIBRARY and STOP 
LIBRARY commands whereas in d iv id u a l subroutines of in te re s t  are selected  
through the BLOCK command.
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Figure 3 -7 . ChemShare User Supplied Subroutine Input Code
KTRACE=0
FORTRAN
BL0CK3=2,MAIN.NEWTEM 
START LIBRARY
SUBROUTINE MAIN(NIN,NOUT,NOCOMP.NEQP.NDSP,
1 SI VP FR, SITEMP,SIPRES,SIENTH, SIMOLE. SI COMP, SIKV,
2 SOVPFR, SOTEMP, SOPRES, SOENTH, SOMOLE, SOCOMP, SOKV,
3 EQPAR, DESPAR, AMW.ATB, IDCOMP, I STOP, KTRACE, NCP)
DIMENSION SIVPFR(NIN), SITEMP(NIN), SIPRES(NIN), SIENTH(NIN), 
SIMOLE(NIN), SICOMP(NOCOMP,NIN), SIKV(NOCOMP.NIN) 
DIMENSION SOVPFR(NOUT), SOTEMP(NOUT), SOPRES(NOUT), SOENTH(NOUT), 
SOMOLE(NOUT), SOCOMP(NOCOMP, NOUT), SOKV(NOCOMP,NOUT) 
DIMENSION EQPAR(NEQP), DESPAR(NDSP), AMW(NOCOMP), ATB(NOCOMP), 
IDCOMP(NOCOMP)
DIMENSION F ( 3 ) ,Y (3 ) ,P (6 ) ,Y 0 (3 ) , KK(4 , 3 ) ,X (6 ) ,V ( 6 ),A TC (6 ),A VC (6 )
REAL KP,KK
INTEGER VTST.FLAGEQ
C- M odified Doering Reactor Goes Here.c-------------------------------------------
RETURN
END
C- Subroutine NEWTEM Goes Here.
C — -------------------------------------------------------------------
RETURN
END
STOP LIBRARY
Reproduced with perm ission o f the copyright owner. Further reproduction prohib ited w ithout permission.
133
In  order to use the in l in e  FORTRAN fea tu re  on an IBM system a sepa­
ra te  work f i l e  must be es tab lish ed . This is  achieved through the IBM 
job  contro l language. Appendix C l is t s  the JCL requ ired  to  run 
DESIGN/2000 on the IBM 3081/3084. Logical u n it  number 36 is  the address 
used fo r  th is  purpose. The same number is  used to address chemical 
f i l e s  fo r  sim ulations not incorporating  the in l in e  fe a tu re . Therefore , 
i f  both in l in e  FORTRAN and user chemical f i l e s  are needed, as fo r  the 
work reported here, lo g ic a l u n it 36 is  used fo r  the in l in e  work space 
and u n it number 37 is  used fo r  the chemical f i l e .
This concludes the presentation  on how the DESIGN/2000 program was 
used to model the acid p la n t. The next section w i l l  address the special 
thermodynamic considerations associated w ith  the s u lfu r ic  acid contact 
process and the use of the CHEMTRAN program to  provide the physical pro­
perty  c o rre la tio n s  and constants needed fo r  the model.
D-4 Vapor L iquid E q u ilib rium  (VLE) Thermodynamics
When the decision as to which process to study was being considered, 
the a b i l i t y  to  t r e a t  nonideal systems was a major issue. Most flo w -  
sheeting packages are best suited fo r  hydrocarbon systems due to the 
g e n e ra lly  w ell behaved, idea l nature o f these compounds. However, sys­
tems such as s u lfu r ic  acid  and water m ixtures are not as e a s ily  modeled 
since they are nonideal inorganic systems. Special considerations must 
be made. In the case o f the ChemShare programs these considerations in ­
clude the use o f the CHEMTRAN physical p ro p erties  package and a special 
chemical f i l e  set up to store the in form ation generated by CHEMTRAN.
Reproduced with perm ission o f the copyright owner. Further reproduction prohib ited w ithout permission.
134
There are unique concerns th a t need to be d e a lt  w ith  in the case of 
the H^SO^-SC^-SOj-h^O system. S u lfu r ic  acid is  not lis te d  as a compo­
nent in any o f the major flow sheeting data banks. Furthermore, i t  can­
not be e a s ily  added due to the d i f f i c u l t i e s  associated w ith  representing  
it s  physical p ro p e rtie s . For s im ila r  reasons elemental s u lfu r  is  also  
absent from data bank component l i s t s .  Another d i f f i c u l t y  associated  
w ith  th is  system is  th a t s u lfu r  t r io x id e  and water combine in the absor­
ber to form s u lfu r ic  a c id , i . e .  the form ation o f s u lfu r ic  acid  involves  
both an absorption step from the reac tio n  gases in to  the concentrated  
acid l iq u id  and a reac tio n  step as form ulated in equation (3 - 3 ) .
This is  the focal p o in t o f the thermodynamic d i f f i c u l t i e s  associated  
w ith  modeling the s u lfu r ic  acid process. A ll of the process gas streams 
in the acid p la n t are re a d ily  and ju s t i f ia b ly  tre a te d  as id e a l. Howev­
e r , the liq u id  streams a l l  contain H^SO  ^ and H2O. Thus the thermodynam­
ic  problems a re , f i r s t ,  how to accu ra te ly  represent s u lfu r ic  acid in  
so lu tion  as a component fo r  which the necessary physical p ro p erties  and 
thermodynamic q u a n tit ie s  can be ca lc u la te d  and, second, how to represent 
accu rate ly  the absorption -  reac tio n  process th a t takes place in the ab­
sorption tower. This is  p a r t ic u la r ly  im portant in th a t both SO  ^ and H2O 
are databank components, but are not a t a l l  compatible as separate com­
ponents.
As a re s u lt  o f these d i f f i c u l t i e s ,  the approach t r a d it io n a l ly  taken  
by Crow e(l) and la te r  follow ed by D oering(4) was to express the concen­
t ra t io n  of s u lfu r ic  acid  in equ iva len t terms o f s u lfu r  tr io x id e  and 
w ater. The procedure fo r  th is  expression is  s tra ig h tfo rw ard  and in ­
Reproduced with perm ission o f the copyright owner. Further reproduction prohib ited w ithout permission.
135
volves the rep resentation  of any given number of moles o f s u lfu r ic  acid  
as an eq u iva len t number of moles of SO  ^ and h^O. T herefore , in a mix­
tu re  o f s u lfu r ic  acid and w ater, the acid components are represented as:
mole % S03 = ________ m o le s J 2 S04_____________ x 100 (3 -1 1 )
2 (moles H^SO^) + moles h^O
and,
mole % H^ O = moles HpSO  ^ + moles HpO  x 100 (3 -1 2 )
2 (moles H2 S0 4) + moles H^ O
This adequately accounts fo r  the mass balance in the fo rm ulation of 
the s u lfu r ic  acid  product. However, due to the n o n -n e g lig ib le  heat of 
reac tio n  some ad d itio n a l consideration must be made to  account fo r  en­
tha lp y  changes. In  his d is s e rta tio n  research, D oering(4) employed a se­
r ie s  o f data curve f i t s  and an energy balance to ad just the acid tower 
heat duty and so lu tion  tem perature based on the amount o f SO  ^ absorbed 
in to  the concentrated absorption acid and on the heat o f form ation of 
H2S04 . Thus, Doering used an expression from experim ental data th a t  
would give him the amount o f heat generated by the absorption and re ­
action  o f any given q u a n tity  of SO  ^ in the acid  tower. Then using other  
curve f i t  expressions fo r  the heat capacity  and den s ity  o f s u lfu r ic
ac id , he could c a lc u la te  changes in  stream tem peratures.
In his use of the PROPS program, Doering wrote separate subroutines
to perform the absorption o f SO^  in  the acid  tower and to c a lc u la te  the
stream tem perature and enthalpy fo r  any given s u lfu r ic  acid concen­
t r a t io n .  The enthalpy c a lc u la tio n s  were b r ie f ly  described above. The 
absorption c a lc u la tio n  consisted of no more than a subroutine th a t took
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a l l  o f the SO^  out of the en tering  gas stream and put i t  in to  the acid  
stream sending the remaining gases to the vent. The stream tem perature 
and enthalpy was then c a lcu la ted  based on the amount o f SO  ^ tra n s fe rre d .
I t  would have been possible to perform the same operations using the 
DESIGN/2000 sim ulator. However, the ChemShare system is  a generation  
fu r th e r  advanced than the PROPS program and possesses c a p a b ilit ie s  th a t  
allow  an a lte rn a te  scheme. Since a major consideration  throughout th is  
flowsheeting research has been to eva luate  the c a p a b ilit ie s  of these 
programs, any opportunity to  use the modules and functions provided by 
the program ra th er than to generate user supplied subroutines was chosen 
regardless of the r e la t iv e  ease of one approach over the o th er. The ob­
je c t iv e  was to a llow  the program to do i t s  best and only to provide user 
subroutines in those circumstances where the program could not perform  
the task  a t hand. As a re s u lt , the approach taken in th is  research u t i ­
l iz e d  the CHEMTRAN programs to reduce VLE data according to an appropri­
a te  nonideal c o rre la tio n  and then u t i l iz e d  the reg u la r u n it modules, 
absorbers, s p l i t t e r s ,  e tc . in the DESIGN/2000 program to  model the proc­
ess.
The CHEMTRAN program provides a comprehensive l i s t  o f c o rre la tio n  
procedures th a t are a v a ila b le  fo r  use in the data reduction . Due to the 
n o n id e a lity  of the system and due to the non-hydrocarbon nature o f the 
components only two procedures are a p p ro p ria te . These are the Wilson 
and the Rennon equations. Since there are few r ig id  c r i t e r ia  fo r  choos­
ing between the two equations and since n e ith e r approach was ru led  out 
on the basis o f in a p p l ic a b i l i ty ,  e .g . the in a b i l i t y  of the Wilson
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equation to t r e a t  more th a t one l iq u id  phase, both equations were t r ie d  
in  the data reduction . I t  turned out th a t the Rennon equation provided 
a b e tte r  f i t  of the data over the ranges in question and was th ere fo re  
used i n the model.
D -4.1 VLE C o rre la tio n s  For the S u lfu r ic  Acid -  Water System
Vapor liq u id  e q u ilib riu m  re la tio n s  were required fo r  the absorber s i ­
m ulation; th e re fo re  the data reduction c a p a b il i t ie s  o f the CHEMTRAN pro­
gram were used. F ir s t  i t  was necessary to obtain reasonable vapor 
l iq u id  e q u il ib r ia  data on the concentrated s u lfu r ic  acid system. I n i ­
t i a l  sim ulations were performed using some very lim ite d  data a v a ila b le  
in the 5th e d it io n  o f P erry 's  Handbook(20). However, the tab les  were 
footnoted w ith  the warning th a t the data contained some incon s is ten c ies . 
This prompted contact w ith  Professor Theodore Vermeulen a t the U n iv e rs i­
ty  of C a lifo rn ia ,  B erkeley, whose data was referenced by P e rry (1 2 ). 
Professor Vermeulen g rac iously  provided h is la te s t  and best VLE data  
which represented a combination of actual physical measurements and in ­
te rp o la tio n s  and e x tra p o la tio n s  based on thermodynamic modeling. 
Vermeulen's paper(13) presented data and pred ic tio n s  on p a r t ia l  pres­
sures and s p e c ific  en th a lp ies  of so lu tions of H^SO^, H2O, and SO^. In  
order to use th is  data several adjustments were made.
Due to the combined absorption reac tio n  phenomenon occuring in the  
acid  tower i t  was not fe a s ib le  to c o rre la te  the a c t iv i t ie s  of SO^  and 
H^ O over the e n t ire  range of possible s u lfu r ic  acid concentrations. The 
standard c o rre la tio n  procedures were not designed to account fo r  chemi­
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cal reactions and the form ation o f new components. However, i t  was pos­
s ib le  to represent the s u lfu r ic  acid molecule as a separate p a ir  of SO^  
and H2O molecules w hile  using the VLE o f the concentrated s u lfu r ic  acid  
so lution to obtain what might be termed a pseudo c o rre la tio n .
The ra tio n a le  behind the representation o f H2 SO4 as SO^  and H2O has 
already been explained. The ju s t i f ic a t io n  fo r  c o rre la tin g  the VLE data 
on th is  basis is  th a t i t  is  the only way to make use of these c a p a b ili­
t ie s  o f the flowsheeting package and because i t  works. As mentioned 
e a r l ie r ,  the only c r ite r io n  considered w ith regards to  the absorption of 
SO^  in Doering's work was th a t a l l  the SOg was absorbed in to  the concen­
tra te d  acid stream, and everything else went to the vent. S im ila r ly ,  
fo r  a l l  p ra c tic a l purposes the e x it  concentrations o f H2O and SO  ^ in the 
tower vent gases are zero , and to  sim ulate the physical r e a l i ty  the cor­
re la tio n s  must provide very low equ ilib riu m  K values fo r  both components 
in  the acid concentration range used in the towers. Thus, i t  is  only 
necessary th a t the average K values cause the desired absorption to take  
place.
The above comments are o ffe red  in explanation o f the problems associ­
ated w ith the thermodynamic aspects o f modeling the contact process. 
The fo llow ing  comments w i l l  attem pt to o u tlin e  in more d e ta il the exact 
procedures followed in obtain ing the physical property c o rre la tio n s  
through the use o f VLE data and the CHEMTRAN programs.
D -4.2 VLE Data Reduction
I
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The Verm elen(13) paper provided data on water p a r t ia l  pressure, su l­
fu r ic  acid p a r t ia l  pressure, s u lfu r  t r io x id e  p a r t ia l  pressure, and to ta l  
pressure. The data was presented as tem perature versus concentration in 
weight percent s u lfu r ic  a c id . The tem peratures ranged between 20°C and 
350°C and the concentration ranged between 10 wt% and 100 wt%. In order 
to  improve the c o rre la tio n  o f the d a ta , the ranges were lim ite d  in tem­
perature  to between 20°C and 140°C and concentration to  between 90 wt% 
and 100 wt%. These ranges encompass a l l  temperatures and concentrations  
e x is tin g  in the actual process.
Table 3 -4  is  an example o f the input data form used in the reduction . 
The input presented in Table 3 -4  is  tem perature, pressure, vapor phase 
mole f r a c t io n , liq u id  phase mole fra c tio n  VLE data fo r  90 wt% s u lfu r ic  
a c id . There are several possib le input data fo rm ulation options pro­
vided by CHEMTRAN. The Vermuelen data was used in the fo llo w in g  form:
T -  P -  Y -  X ( u n i t s ) i , j  = T l ,  P I, Y l i ,  X l i , (3 -1 3 )
T 2, P2, Y 2 i, X 2 i,
T 3 , P3, Y31, X 3 i,
fo r  components i ,  j ,  k, . . . , n .
where, T is  the tem perature, P is  the pressure, Y re fe rs  to the gas mole 
f ra c tio n  fo r  components i ,  j ,  k, e t c . ,  and X is  the liq u id  mole fra c tio n  
fo r  components i ,  j ,  k, e tc . This form is  used to en te r tem perature, 
pressure, vapor phase com position, l iq u id  phase composition data fo r  a 
multicomponent m ixture w ith  components i ,  j ,  k, . . . ,  e tc . The im portant 
in te ra c tio n  fo r  the s u lfu r ic  acid p la n t is  th a t between the SO  ^ and H20 . 
W ithout an a r t i f i c i a l  rep resen ta tio n  o f the H^SO  ^ concentration as SO^  
and H20 , DESIGN/2000 would p re d ic t the in te ra c tio n  of s u lfu r  tr io x id e  in
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Table 3 -4 . VLE Data Reduction Input Formulation Used fo r  
CHEMTRAN F it  of Rennon C o e ffic ie n ts
I ,B ar) 62, 1068 =
2 0 , .245E-4, .9999, .6622,
40, . 133E-3, .9999, .6622,
60, .584E-3, .9998, .6622,
80, . 213E-2, .9996, .6622,
1 0 0 , .666E-1, .9994, .6622,
1 2 0 , .183E-1, .9992, .6622,
140, .451E-1, .9989, .6622,
160, . 1 0 1 , .9985, .6622
Note th is  data is  only fo r  90 wt.?o s u lfu r ic  ac id . The complete 
data set appears in Appendix D together w ith  the CHEMTRAN input 
code and the IBM JCL requ ired  to execute the CHEMTRAN program.
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w ater on the basis of the d e fa u lt  c o rre la tio n s , i . e .  Chao-Seader K value 
and Redlich-Kwong enthalpy. Reducing the VLE data in th is  fashion per­
m itted  an o verrid e  o f the d e fa u lt  re la tio n s h ip s  which would have pre­
d ic ted  l i t t l e  or no association  and which would th e re fo re  not generate 
any H^SO  ^ product. S im ila r ly , the in te ra c tio n  o f Ng, 0^, and SO^  in the 
SO3 -H 2O "s o lu tio n " needed to r e f le c t  the very low s o lu b il i ty  of these 
components in s u lfu r ic  ac id .
The c o rre la tio n  procedure involves obtain ing the binary in te ra c tio n  
parameters fo r  each possible p a ir  of components. Since there are six  
components in the process, i . e .  s u lfu r , s u lfu r  d io x id e , s u lfu r  t r io x id e ,  
w ater, n itro g en , and oxygen, f i f t e e n  b inary in te ra c tio n s  must be taken 
in to  account. Once the input data is  form ulated in one of the several 
possible input modes, i t  is  then reduced by a n on linear le a s t squares 
procedure to a set o f parameters based on the chosen c o rre la tio n a l pro­
cedure. These parameters are stored in a chemical f i l e  fo r  fu tu re  ac­
cess and use. For IBM machines, th is  f i l e  is  addressed through the JCL 
and lo g ic a l u n it number 36.
CHEMTRAN provides i n i t i a l  d e fa u lt  values of the in te ra c tio n  parame­
te rs . These d e fa u lt  options w i l l  usually  provide a converged set of 
c o rre la tio n  parameters fo r  b inary  and te rn ary  m ixtures . For more com­
plex systems i t  is  necessary th a t the user ad just the d e fa u lt  options to 
improve the accuracy o f the f i t .  There are several user commands a v a i l ­
able fo r  the purpose of m anipulating the f i t t i n g  procedure. The OBJEC­
TIVE FUNCTION command is  used to specify  which function  is  to be 
m inim ized, e .g . pressure d e v ia tio n s , K value d e v ia tio n s , a c t iv i ty  coef­
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f ic ie n t  d e v ia tio n s , e tc . The FIX command perm its the user to f ix  values 
of se lected in te ra c tio n  parameters. The VARY command allows the user to 
specify  which parameters w i l l  be adjusted in an attem pt to accu rate ly  
f i t  the d ata. I n i t i a l  parameter values other than the d e fa u lts  can be 
entered through the BIN, WILSON, or RENNON commands. At the completion 
of any given data reduction CHEMTRAN p r in ts  out the sum of the squares 
of the o b je c tiv e  fu n c tio n , the standard e rro r  of the estim ate , and the 
number of ite ra t io n s  required to converge the procedure. These parame­
te rs  give the user an apprec ia tio n  fo r  how w ell the data is  c o rre la te d . 
The c o rre la tio n  procedure includes the fo llo w in g  stages:
1. S e lection  and fo rm ulation  o f input VLE da ta ,
2. S e lection  and s p e c if ic a tio n  o f the desired c o rre la tio n  procedure,
3. S p e c ific a tio n  o f the o b je c tiv e  function  key,
4. A lte r in g  the d e fa u lt  i n i t i a l  parameter values,
5. A lte r in g  the d e fa u lt  options w ith  the FIX and VARY commands.
In the c o rre la tio n  o f Vermeulen's data both W ilson 's  and Rennon's 
equations were used in order to obtain  the best data f i t .  The vapor l i ­
quid eq u ilib riu m  data was reduced by a no n lin ear le a s t squares procedure 
to a set of parameters based on the c o rre la tio n  equation s p e c ifie d . In ­
i t i a l l y  d e fa u lt  parameter values and options fo r  the b inary in te ra c tio n  
p a irs  as lis te d  in Table 3-5 were used. From the i n i t i a l  reduction new 
values of A .j  and A .^. were obtained and re in s e rte d  as fix e d  values in 
the next reduction in which another set of parameters were allowed to  
vary. This procedure was repeated, i . e .  f ix in g  and varying a lte rn a te  
param eters, u n t il no fu r th e r  improvement was obtained in the reduction  
accuracy. As a r e s u lt ,  the best f i t  obtained w ith  the Wilson equation
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Table 3 -5 . D e fau lt Conditions fo r  Obtaining Optimal V-L-E 
Parameters fo r  the Wilson and Rennon Equations
In i t i a l  In i t i a l
Parameter Type Parameter Value Status
Wilson Constants
Au
0 Varied
- Aj i
0 Varied
B»
0 Fi xed
B0 i
0 Fixed
Rennor Constants
A1j
0 Varied
- Aj i
0 Vari ed
Bi j
0 Fi xed
- BJi
0 Fi xed
— CU
0 . 2 Fi xed
"
Co<
0 . 2 Fi xed
i and j  are the in teg er counters th a t specify  the in d iv id u a l
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had an associated standard estim ate of the e rro r  o f 0 .70  whereas the 
Rennon f i t  produced an e rro r  of 0 .4 9 . The sum of the squares o f the ob­
je c t iv e  function was 77.71 fo r  the Wilson f i t  and 37.65 fo r  the Rennon 
f i t .  N e ith er one of these reductions is  considered an ideal f i t  to the 
data . However, the Rennon f i t  is  b e tte r  than the Wilson f i t ,  and use of 
the Rennon equation in the process sim ulations did successfu lly  carry  
out the desired absorption o f a l l  the H^O from the a i r  in the drying  
tower and of a l l  the SO  ^ from the reaction  gases in the acid tower.
The Vermeulen data was used to obtain  only the in te ra c tio n  parameters 
between SO^  and H2O. To describe the in te ra c tio n  o f N£ and in the 
SO^-H^O "s o lu tio n " , the l iq u id  mole fra c tio n  of and 0  ^ was a r b i t r a r ­
i l y  set a t zero . Other in te ra c tio n s  were determined from other co rre ­
la tio n s  where a p p ro p ria te . Table 3-6 l is t s  the in te ra c tio n  parameter 
values and th e ir  o r ig in s . Also note th a t although the programs required  
the inc lus ion  of elemental s u lfu r  in the component l i s t  and in binary  
in te ra c tio n  cons id era tio n s , s u lfu r  never appears in the sim ulation other 
than as an i n i t i a l  feed.
The Rennon equation exh ib ite d  a s l ig h t ly  b e tte r  a b i l i t y  to c o rre la te  
Vermeulen1s data fo r  the in te ra c tio n  of SO^  and H2O as explained above. 
A second advantage e x is ts  to using the Rennon expression. Excess en­
tha lp y  can be c a lc u la te d  using the Rennon constants obtained from the 
reduction of b inary VLE data . The EXC LAT command was used to specify  
the excess enthalpy option . Thus by using the Rennon equation, co rre ­
la tio n s  were re a d ily  a v a ila b le  fo r  enthalpy c a lc u la tio n s  as w ell as fo r  
K values.
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Table 3 -6 . Rennon C o rre la tio n  Constants (BTU/lbm ol)
Bi nary 
P air
Data 
O rig i n A1 ,2
Binary P air C o rre la tio n  Constants 
A2 ,1 B1 , 2  B2 ,1 C1 ,2 C2 , 1
N2 ' ° 2 Ideal 0 0 0 0 0 . 2 0 . 2
n2 -so 2 Ideal 0 0 0 0 0 . 2 0 . 2
N2 -H20 Rennon 7.7919 7962.12 0 0 0 . 2 0 . 2
n2 -so 3 Rennon 7.7919 7962.12 0 0 0 . 2 0 . 2
n2- s Ideal 0 0 0 0 0 . 2 0 . 2
02 -S02 Ideal 0 0 0 0 0 . 2 0 . 2
02 -H20 Rennon 7.7919 7962.12 0 0 0 . 2 0 . 2
° 2 - S03 Rennon 7.7919 7962.12 0 0 0 . 2 0 . 2
02-S Ideal 0 0 0 0 0 . 2 0 . 2
S02 -H 20 Ideal 0 0 0 0 0 . 2 0 . 2
s o 2 - s o 3 Ideal 0 0 0 0 0 . 2 0 . 2
S02-S Ideal 0 0 0 0 0 . 2 0 . 2
tLO-SO, Rennon -16718.1. -1 4 61 .3  . 16268E-2 . 18622E-2 0 . 2 0 . 2
H20-S Ideal 0 0 0 0 0 . 2 0 . 2
S0 3“ S Ideal 0 0 0 0 0 . 2 0 . 2
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The only remaining q u an tity  c o rre la tio n  needed by the DESIGN/2000 
program was d en s ity . For the systems used in th is  model the standard 
den s ity  c a lc u la tio n  option was used. G en era lly , a s p ec ified  enthalpy 
option w i l l  c a ll in i t s  corresponding den s ity  option unless some other 
option is  sp e c ifie d  or unless no corresponding option e x is ts . The stan­
dard option is  the method o f Yen and Woods(13) which is  s u ita b le  fo r  the 
computer c a lc u la tio n  of the d e n s itie s  o f saturated and compressed l i q ­
u ids, both pure and mixed, to w ith in  2 or 3 percent.
Thus, the f i r s t  step involved in modeling the s u lfu r ic  acid p lan t was 
to s e le c t and reduce appropria te  VLE data in order to obtain co rre ­
la tio n s  th a t would p re d ic t the necessary K value and enthalpy q u a n titie s  
needed by the s im ulation softw are. The CHEMTRAN software was used to 
o btain  these c o rre la tio n s  and to store the re s u lta n t parameter values in 
a "chemical f i l e "  th a t was then accessed by the s im ulation softw are. 
Appendix C l is t s  the CHEMTRAN input code, JCL, and Vermelen VLE data 
th a t was used to generate these c o rre la tio n s .
This concludes the presentation  on the use o f the ChemShare programs 
to model the contact process. The s im ulation model presented above 
f a l l s  under the c la s s if ic a t io n  o f large  scale . There are 6 chemical 
components, N^, 0^, H.,0, S, S02 , and S03 , 40 u n it  modules, and 60 feed, 
product, and in terconnecting  streams involved in the acid p lan t model. 
For each ite r a t io n  through the flow sheet, 54 mass, energy and physical 
property  c a lc u la tio n s  are performed fo r  each stream. In a d d itio n  there  
are d e fin in g  equations and physical p roperty equations fo r  each u n it .  
The re s u lts  of these ca lc u la tio n s  are given in the output l is t in g  in Ap­
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pendix T. The next section w i l l  eva luate  the success o f the modeling 
e f fo r t  through a comparison of the p la n t data w ith  the sim ulation re ­
s u lts .
E V a lid a tio n  of the Process Model
E a r l ie r  in th is  chapter the d escrip tio n  o f the contact process and 
many operational d e ta ils  were presented. In the fo llo w in g  pages a com­
parison of p lan t data w ith  s im ulation re s u lts  is  made so th a t an assess­
ment o f the v a l id i ty  and accuracy o f the sim ulation model can be made. 
P lant data were provided by Freeport engineers on feed and product 
stream s p e c if ic a tio n s , on heat exchanger, b o ile r  and absorber perform­
ance, and on re ac to r chain conversion and tem perature p r o f i le s .  Compar­
isons are made fo r  each of these portions of the p lan t fo r  which p lan t  
data were a v a ila b le .
E -l Input Stream S p e c ific a tio n s
Table 3-7 l is t s  the s p e c ific a tio n s  fo r  the f iv e  input streams to the 
Freeport p lan t and corresponding values used in the ChemShare simu­
la t io n . The input involved a component flo w ra te  and a temperature and 
pressure s p e c if ic a tio n . For the a i r  feed an average ambient temperature  
o f 70°F and r e la t iv e  hum idity of 60% were used. The a i r  feed is  com­
prised o f th ree components, n itro g en , oxygen, and ambient m oisture. The 
input component breakdown used fo r  a l l  sim ulations is  78 .4 /0 n itro g en , 
21.0% oxygen, and 0.6% water vapor -  corresponding to a r e la t iv e  humidi­
ty  of 60?o a t 14.7 psia and 70°F.
Reproduced with perm ission o f the copyright owner. Further reproduction prohib ited w ithout permission.
148
Table 3-7. Input Stream Specifications
Freeport 
P lant Data
ChemShare
S im ulation
Flowrate (cfm )
Temp. (F )
Pressure (p s ia )  
R e la tiv e  Humidity (%)
Burner S u lfu r
130,000 
Ambi e n t(a v g .70) 
14.7 
Am bient(avg.60)
126,500
70
14.7
60
Flowrate ( lb m o l/h r)  
Temp. (F )
Pressure (p s ia )
Economizer Feed Water
1,500
275
170
1,500
275
170
Flowrate ( lb m o l/h r)  
Temp. (F )
Pressure (p s ia )
Absorber E ff lu e n t D ilu tio n  
Water
11,000
400
900
12,000
400
900
Flowrate (gpm)
Temp (F )
Pressure (p s ia )
Dryer E ff lu e n t D ilu tio n  
Water
50
37 -87 (avg .62 )
50.5
62
Flowrate (gpm) 
Temp (F ) 
Pressure (p s ia )
<6
3 7 -87 (avg .62)
2 .4
62
80
* Computed w ith  DESIGN/2000 based on input stream values to meet product 
s p e c if ic a tio n s .
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A ll o f the s p e c ific a tio n s  in Table 3-7 are input s e ttin g s  w ith  the 
exception o f the d ryer and absorber d i lu t io n  water flo w ra te s . The d i ­
lu tio n  water flo w ra tes  in the p lan t are c o n tro lle d  in order to meet pro­
duct concentration s p e c if ic a tio n s . The d ilu t io n  flo w ra tes  fo r  the 
s im ulation are s im ila r ly  c o n tro lle d  through a contro l u n it module. The 
d ilu t io n  w ater values lis te d  in the ta b le  are fo r  the base case simu­
la t io n  and re s u lt  from the use o f a flow  c o n tro lle r  in  the sim ulation  
model to  ad ju s t the d ilu t io n  flo w ra te  u n t il d ilu t io n  tank acid strength  
s p e c if ic a tio n s  are met. Thus the sim ulation d ilu t io n  water flow rates  
are not a c tu a lly  input s p e c if ic a tio n  but are set to meet the acid prod­
uct s p e c ific a tio n s  fo r  the base case operatio n .
The economizer feedwater flo w ra te  is  set a t a h igher value than th a t  
observed in the p lan t due to l im ita t io n s  on the c o n tro lle r  modules used 
in the sim ulation program. The e f fe c t  was th a t a la rg e r  b o ile r  feedwa­
te r  f lo w ra te , 12000 lbm ol/h r ra th e r than 11000  lb m o l/h r, was requ ired . 
This problem is  tre a te d  in d e ta il during the analys is  of the modeling 
process.
E-2 Reactor Chain Performance
Table 3 -8  o u tlin e s  the s p e c ific a tio n s  and performance of the reac to r  
chain fo r  the base case. In a l l  o f the sim ulations reported here, 
D oering 's reac to r model w ith  the m od ificatio n s noted e a r l ie r  was em­
p loyed. The re ac to r temperature p ro f i le s  r e f le c t  the performance of the 
reactors  in converting SO^  to SO^. The sim ulation accu ra te ly  models the 
p la n t data . The most c r i t ic a l  and s ig n if ic a n t  c r ite r io n  o f comparison
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Table 3-8. Reactor Chain Specifications
Freeport ChemShare
P lan t Data S im ulation
Temperatures ( in -o u t )  (F )
Bed 1 800-1100 800*-1100
Bed 2 810-910 810*-891
Bed 3 850-855 850*-854
Bed 4 840-820 840*-827
Conversion o f SO^  (%) 98 .0  98.6
Reactor Cross Section ( f t ^ )  1134 1134
C ata ly s t Depth ( f t )
Bed 1 1.89 1.89
Bed 2 2 .09  2.09
Bed 3 2 .24  2.24
Bed 4 2 .74  2.74
* S p ecified  on in p u t. Note, the in le t  bed tem peratures are 
s p e c ifie d , the o u t le t  temperatures and the conversion are  
ca lc u la te d . The c a ta ly s t bed dimensions are also  s p e c ifie d .
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is  the re ac to r chain conversion. Freeport observes a minimum conversion  
of 98% operating a t these s p e c if ic a tio n s . The s im ulation p red ic ts  98.6% 
conversion. This agreement is  w ell w ith in  the accuracy of the p la n t  
d ata.
The temperature p ro f i le s  o f the p la n t and o f the s im ulation show some 
discrepancy. The e x i t  tem perature from the f i r s t  bed was the same in  
the p la n t and in the sim u latio n . However, there  is  a 19 degree d i f f e r ­
ence in the observed and the pred icted  o u t le t  tem perature o f the second 
bed. A lso, the model p red ic ts  a 2 degree increase in the o u le t temper­
ature o f the fourth  bed whereas the p la n t data in d ica tes  a cooling o f 5 
degrees. According to the Freeport engineers, anomalous reac to r bed 
tem perature readings are an industry wide phenomena and are a t tr ib u te d  
to the poor placement o f thermocouples in the re a c to r chain . This ex­
p la in s  some o f the discrepancy in the observed and pred icted  tem perature 
p r o f i le s .  In a d d itio n , h igher s u lfu r  feedrates  re s u lt  in higher o u t le t  
temperatures p a r t ic u la r ly  fo r  Bed No. 2. According to  the engineers the  
s u lfu r  feed ra te  can vary ±7%. The p la n t data may r e f le c t  reac to r per­
formance a t a s l ig h t ly  h igher feed ra te  than th a t used in the sim ulation  
model. A dd itional d e ta ils  on the e ffe c ts  o f increased s u lfu r  feed ra te  
are given la te r  in th is  chapter. Again, the most c ru c ia l item is  the 
re a c to r chain conversion. The agreement reported here is  s u f f ic ie n t  to  
v a lid a te  the reac to r chain portion  o f the model.
E-3 Heat Exchanger Performance
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Table 3-9 is  a comparison of the performances fo r  the f iv e  heat ex­
changers involved in the production o f steam. The b o ile rs  and super­
heaters were modeled using the TEMP OUT s p e c ific a tio n  which is  the 
design mode s p e c ific a tio n . The economizer was spec ified  w ith  the SIM 
AREA option which is  the sim ulation mode s p e c ific a tio n . The need fo r  
th is  type of mixed mode sim ulation resu lted  from the lim ite d  c a p a b ili­
t ie s  of the c o n tro lle r  modules and w i l l  be explained during the analysis  
o f the sim ulation process.
The ta b le  l is t s  the input and output temperatures as well as the op­
era tio n a l pressures fo r  the f iv e  heat exchangers used in the s im ulation. 
The input temperatures are the o u tle t temperatures of other units such 
as the burner and reactor beds and do not r e f le c t  the performance of the 
exchangers. The o u le t temperatures are the setpoints th a t the exchanger 
modules were required to meet. S im ila r ly , the pressures are those spec­
i f ie d  fo r  the un its  l is te d . A ll of the o u tle t temperatures and a l l  of 
the pressures were ca lcu lated  by the exchanger modules. The sim ulation  
model accurate ly  reproduced the spec ified  gas tem peratures, steam tem­
peratures, and steam pressures observed in the p lan t as shown by the 
data in Table 3 -9 .
One po in t should be made w ith  respect to the product steam. The out­
le t  temperature o f the steam b o ile rs  depends more on the amount of fo u l­
ing in the heat exchangers than on adjustments in the process gas or 
b o ile r  feedwater flo w ra tes . Consequently, the Freeport engineers have 
supplied several product sp e c ific a tio n s  on the various steam streams. 
The range is  dependent upon the condition of the exchanges and the oper-
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Table 3-9. Heat Exchanger Specifications
Freeport CnemShare
P lan t Data S im ulation
Gas Temperature ( in -o u t )  (F )
B o ile r  #1 1800-800 1800-800
B o ile r  #2 1100-810 1100-810
Superheater #1 910-850 891-850
Superheater #2 855-840 854-840
Economizer 820-470 827-470
Water Temperature ( in -o u t )  (F )
B o ile r  #1 489-492 489-496
B o ile r  #2 489-492 489-496
Superheater #1 490-630 496-630
Superheater #2 490-630 496-630
Economizer 400-489 400-489
Pressure and S tate  (p s ia )
B o ile r  #1 -S a tu ra ted  Steam 650 650
B o ile r  #2 -S a tu ra ted  Steam 650 650
Superheater #1 -Superheated Steam 600 600
Superheater #2 -Superheated Steam 600 600
Economizer -  B o ile r  Feedwater 650 650
Note, a l l  o u t le t  tem peratures and pressures are sp e c ifie d  as
s e tp o in ts . In le t  tem peratures and pressures are determined by
re ac to r conversion.
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atin g  status of the p la n t. The design high pressure steam product spec­
i f ic a t io n s  are 600°F and 620 p s ia . However, the p lan t engineers have 
in d ica ted  th a t the product steam may o rd in a r ily  be 600-630 F and 600-620 
p s ia . As a re s u lt  the high pressure steam product fo r  the sim ulation  
was s p ec ified  a t 630°F and 600 p sia . There is  a 300 psi pressure drop 
between the economizer feed w ater and the high pressure product steam. 
For the purposes of th is  s im ulation a 250 psi drop was coded in to  the 
economizer and in accordance w ith  the estim ation of the Freeport engi­
neers an a d d itio n a l 50 psi drop was coded in to  the superheaters. A 10% 
blowdown was taken in to  account in the sim ulation of the b o ile rs .
E-4 Absorber Section Performance
Table 3-10 o u tlin e s  the general s p e c ific a tio n s  and parameters associ­
ated w ith  the absorber section of the p la n t. The f i r s t  u n it considered 
is  the drying tower. According to the Freeport engineers a 10 degree 
increase is  observed in the l iq u id  o u t le t  temperature due to heat of d i ­
lu tio n  as a re s u lt  of moisture being absorbed from the a i r  stream in to  
the acid stream. However, in the sim ulation model the l iq u id  o u t le t  
tem perature dropped s l ig h t ly ,  1 degree, in conjunction w ith  a 25°F in ­
crease in the e x it  gas tem perature. The sim ulation p red ic ts  very l i t t l e  
i f  any heat of d ilu t io n  and the e x it  gas and liq u id  temperatures r e f le c t  
the exchange o f sensib le heat. In the sim ulation studies on the acid  
p la n t reported by Crow e(l) both the p la n t and sim ulation data re a ff irm  
the re s u lts  reported here. In  Crowe's p lan t data 1.1% m oisture was re ­
moved from the a i r  stream w hile  the liq u id  stream a c tu a lly  cooled down a 
couple of degrees. There was no increase in acid tem perature due to
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Table 3 -10 . Absorber Section S p e c ific a tio n s
Freeport ChemShare
P lan t Data S im ulation
Drying Tower
Flowrate 93% Acid (gpm) 4-5000 4055
Temperature ( in -o u t )  (F ) 100-110 100-99
Acid Tower
Flowrate 98% Acid (gpm) 5000 4912
Temperature (F )
Liquid In 200-210 205
Liquid Out 250-270 232
Stack Gas 190 207
Stack S02 Emission (ppm) 2000 1136
Acid Tower Cooler
Temperature (F )
L iquid In 230 240
Liquid Out 200-210 205
Acid Cross Transfers
93% to 98% (gpm) 
98% to 93% (gpm)
200-300
500
237
412
Reproduced with perm ission o f the copyright owner. Further reproduction prohib ited w ithout permission.
156
heat o f d i lu t io n . The s im ulation reported here removed a sm aller per­
centage of water m oisture, 0.6%, from the ambient a i r  stream.
The acid tower absorber e f f lu e n t  tem perature also shows a small d is ­
crepancy between the p la n t data and the s im ulation re s u lts . In th is  
case the liq u id  out tem perature is  about 30°F lower and the gas out tem­
perature  is  about 17°F higher fo r  the s im ulation re s u lts  than th a t ob­
served a t the p la n t. The i n i t i a l  suspicion might be th a t the sim ulation  
is  not provid ing enough contact between the liq u id  and gas fo r  the ex­
change of sensib le heat. This idea is  supported by the observation th a t 
the p lan t stack tem perature is  17°F lower than the sim ulation stack tem­
p era tu re . However, a few simple c a lc u la tio n s  show th is  not to be the  
case. I f  the s im ulation stack temperature was brought down to 190°F 
then the acid so lu tion  would have to absorb an a d d itio n a l 2.11x10^  
BTU/hr. U t i l iz in g  a heat capacity  o f 0.5586 BTU/lb°F fo r  the acid so l­
u tio n , the absorption o f 2.11x10^ BTU/hr would increase the stream tem­
perature by a l i t t l e  less than 1°F. Further evidence th a t the contact 
between the gas and the liq u id  stream is  not the cause o f the d iscrepan­
cy is  th a t increasing the number of ideal stages in the acid tower model 
has no e f fe c t  on the r e la t iv e  stream tem peratures.
I t  might th e re fo re  be sensib le to assume th a t the fa i lu r e  o f the sim­
u la tio n  model to a c cu ra te ly  p re d ic t the acid  tower e f f lu e n t  temperature  
is  due to inaccuracies in the a b i l i t y  of Rennon parameters to c a lc u la te  
the excess en thalpy. As noted e a r l ie r  in  Chapter I I ,  the reduction of 
Vermuelen's VLE data w ith  the Rennon equation is  adequate fo r  the repre­
sentation  of the absorption o f SO  ^ in to  concentrated ac id . However,
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the Rennon data c o rre la tio n  had a standard estim ate of the e rro r  o f 0 .49  
which is  acceptable but not considered a good f i t .  This observation is  
fu th e r evidenced by an inspection of the heat ca p a c itie s  p redicted by 
the Rennon equation fo r  the acid  s o lu tio n s . According to Table 3 -184, 
pg. 3-135 of P erry 's  Handbook, 100% HgSO  ^ a t 58°F has a Cp of 0.3352  
BTU/1b°F and 87.5% has a Cp o f 0 .3404 B TU/lb°F. The Rennon equation  
used in the c a lc u la tio n  of the physical p ro p erties  fo r  the sim ulation  
model p red ic ts  a Cp o f 0.5228 BTU/lb°F fo r  93% s u lfu r ic  acid  a t 100°F 
and a Cp of 0 .5602 BTU/lb°F fo r  98% s u lfu r ic  acid a t 225°F. The d i f f e r ­
ence between the p red icted  heat capacity  and the tab u lated  values is  due 
to the imprecise nature of the Rennon equation. However, th is  d i f f e r ­
ence s t i l l  does not account fo r  the temperature discrepancy between the 
plan t data and the sim ulation p re d ic tio n . I f  the simple enthalpy b a l­
ance mentioned above is  repeated using a Cp value c lo ser to those tabu­
la te d  by P erry , the acid e f f lu e n t  temperature s t i l l  f a i ls  to meet the 
260-270°F p la n t datum. Using an acid  stream Cp of 0.3404 BTU/lb°F the 
maximum expected so lu tion  temperature r is e  is  1 .6 °F . This is  in s u f f i ­
c ie n t to bring the e f f lu e n t  stream up to the reported p lan t temperature  
v a lu e .
The only o ther p o s s ib il i ty  is  th a t the Rennon parameters are not re ­
f le c t in g  the dual absorption -  reac tio n  process in the absorbers. In  
order to  p re d ic t a h igher tem perature fo r  the absorption medium than 
th a t observed, the Rennon equation would have to p re d ic t heat capacity  
values lower than those tab u la ted  by P erry . The Freeport engineers in ­
s is t  th a t the heats o f d i lu t io n  observed in  the p lan t are rea l and th a t  
the reported temperature changes do take p lace. The most p la u s ib le  ex­
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planation  then is  th a t the Rennon equation and the "pseudo c o rre la tio n "  
does not adequately account fo r  the dual absorption -  reac tio n  phenome­
non. In  any event, the en th a lp ies  o f reac tio n  and d ilu t io n  are d is s i­
pated in the d ilu t io n  tanks, through cross tra n s fe rs , and v ia  the acid  
co o lers . This heat is  not recovered and th e re fo re  not used in steam 
production. Consequently, the observed discrepancy does not a f fe c t  the 
o v e ra ll steam production scheme. The only economic impact is  the amount 
and cost o f r iv e r  cooling water used. In the consideration  of the eco­
nomic model th is  cost is  n eg ig ib le .
Another discrepancy in the acid tower performance is  the SO^  stack 
emissions. This can p a r t ia l ly  be explained on the basis of flo w ra te  ad­
justm ent. In the ty p ic a l operation o f the p la n t, s u lfu r  feed ra te  is  
adjusted u n t il the stack SO^  emission concentration meets the upper a l ­
lowed l im i t  of 2000 ppm. This is  g en e ra lly  done in the in te re s t  of 
throughput. The o ther exp lanation is  th a t the re ac to r model does not 
s u ffe r  from dead spots or c a ta ly s t d e a c tiv a tio n  and th e re fo re  performs 
s lig h t ly  b e tte r  in terms of conversion than the actual p lan t reac to r 
chain thereby sending less SC  ^ to the stack.
The remaining absorber section u n its  are accu ra te ly  portrayed by the 
s im ulation model as evidenced by the agreement depicted in Table 3 -10 . 
Note th a t in the model the 98% acid cross tra n s fe r  ra tes  were f i r s t  back 
ca lc u la te d  and then f ix e d . The c a lc u la tio n  o f these ra tes  centered on 
base case values of SC  ^ conversion, SO  ^ absorp tion , and acid strength  
d ilu t io n  ra te s . Cross tra n s fe r  ra tes  which m aintain the base case v a l­
ues o f the above parameters were c a lc u la te d  on a lbm o l/h r b asis . These
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values were then set in the s im ulation model as f ix e d  s p l i t  ra te s . In  
the operation o f the p la n t these rates  are fix e d  as a percentage of 
valve s troke. As shown in Table 3 -1 0 , these ra tes  ( in  gpm) f a l l  w ith in  
the range of ty p ic a l flo w ra tes  observed a t Freeport.
E-5 Product S p e c ific a tio n s
The acid p la n t produces th ree  products -  s u lfu r ic  a c id , high pressure 
steam, and low pressure steam. Table 3-11 compares the re s u lts  of the 
sim ulation model w ith  the p la n t data obtained from the Freeport p la n t.  
A ll q u a n tit ie s  lis te d  agree w ith in  the accuracy of the p lan t d ata.
The acid product value l is te d  fo r  the p lan t data en try  is  based on a 
minimum conversion o f 98.0% . The sim ulation represents a 98.5% conver­
sion. The acid product ra tes  l is te d  here agree w ith in  an acceptable  
range, the d iffe re n c e  being 0 . 6%.
The to ta l steam product agrees w ith in  1000 lb /h r  which is  less than
0.8% of the t o t a l .  The breakdown in to  high and low steam products does 
not agree q u ite  as w e ll. This breakdown re f le c ts  the use o f high pres­
sure steam to run the blower tu rb in e . The number reported by the simu­
la t io n  is  based upon c a lc u la tio n s  using the tu rb in e  e f f ic ie n c y  and the 
en th a lp ies  o f the in le t  and o u t le t  steam used to d r iv e  the blower. The 
number reported by the Freeport engineer is  more approximate than the 
sim ulation number and represents an average over an observed range. 
Again the agreement is  w ith in  the accuracy o f the p la n t data .
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Table 3-11. Product Specifications
Freeport 
P lant Data
Acid Product 93°o 146,393
( lb /h r )
High Pressure Steam
Flowrate ( lb /h r )  74,480
Temperature (F ) 600
Pressure (p s ia ) 635
Low Pressure Steam
Flowrate ( lb /h r )  101,920
Temperature (F ) 308
Pressure (p s ia ) 60-72
Total Steam Product 176,400
( lb /h r )
ChemShare
S im ulation
147,140
70,560
630
600
107,406
308
60-72
177,966
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E- 6  E ffe c ts  o f Increased S u lfu r Feed
The above v a lid a tio n  is  based on data th a t r e f le c t  the operation of 
the p lan t under sp e c ifie d  and unchanging con d itio n s . Table 3-12 l is t s  
the re s u lts  of sim ulations in which the feed ra te  of s u lfu r  was in ­
creased a small amount in the in te re s t  o f throughput. The Freeport en­
g ineers have ind ica ted  th a t th is  feed ra te  may vary ±7%. Table 3-12  
l is t s  the re s u lts  o f sim ulations in which the s u lfu r  feed ra te  was in ­
creased by +5% and +10%. These re s u lts  provide an in d ic a tio n  of what 
sim ulation p red ic tio n s  might be expected over a fe a s ib le  range of feed  
r a te s .
The re s u lts  in Table 3-12 show th a t as a d d itio n a l s u lfu r  is  fed in to  
the s im ulation model the bed o u t le t  tem perature p r o f i le  increases par­
t ic u la r ly  in the second bed, to ta l  steam production increases, o v e ra ll  
conversion drops a l i t t l e ,  and the amount of high pressure steam in ­
creases. These observations are in accordance w ith  expectations in th a t 
g rea te r feed ra tes  tra n s la te  in to  more energy added to the system th e re ­
by generating more steam.
This concludes the comments on model v a lid a t io n . The fo llo w in g  com­
ments w i l l  address the development of the economic model and the use o f 
th a t model in the ap p lic a tio n  o f the o p tim iza tio n  methods.
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Table 3-12. Results of Increased Sulfur Feed
ChemShare S im ulation  
Base Case + 5% S
Bed T e m p e ra tu res (in -o u t)(F )
Bed n 800-1100 800-1106
Bed n 810-891 810-901
Bed #3 850-854 850-858
Bed #4 825-827 825-825
Acid Product ( lb /h r ) 147,140 154,400
Conversion S to H^SO  ^ (%) 98.60 98.57
Stack SC  ^ Emission (ppm) 1,136 1,125
Total Steam ( lb /h r ) 176,400 179,420
High Pressure Steam ( lb /h r ) 74,480 106,032
(a t  600F, 635psia)
Low Pressure Steam ( lb /h r )  101,920 76,176
Sim ulation  
+ 10% S
800-1112
810-911
850-869
825-827
161,770
98.56
1,378
180,980
109,186
76,176
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F Development of the Economic Model
The sim ulation model presented above m athem atically  represents the 
p lan t as an operating f a c i l i t y ,  and i t  pred icted  the performance of the 
acid  p la n t fo r  the im portant operating parameters such as u n it temper­
a tures and pressures, feed flo w ra te s , e tc . The model given above was 
derived  from the base case values o f these operating param eters. Asso­
c ia te d  w ith  the sim ulation model th a t p red icted  the p lan t performance is  
the economic model which assigns a p r o f i t  or loss to the p lan t perform­
ance. The economic model was derived in combination w ith  the sim ulation  
model as explained below.
F - l  S e lection  o f the Independent V ariab les
I t  takes very l i t t l e  f a m il ia r i ty  w ith  the contact s u lfu r ic  acid proc­
ess to ra p id ly  conclude th a t the reac to r chain is  the business end of 
the p la n t. The towers need only s a t is fy  minimum performance c r i t e r ia  
and are e s s e n tia lly  overdesigned to th a t purpose. The acid coolers use 
inexpensive and p le n t ifu l  r iv e r  w ater. The d ilu t io n  water requirements 
vary very l i t t l e  and represent an e s s e n t ia lly  constant, small cost. The 
reac to r chain in which SC  ^ is  converted to SOj and the associated pro­
duction of steam are the most im portant aspects o f the p la n t from an 
economic po in t o f view.
There are th ree  im portant o v e ra ll co n sid eratio n s. F ir s t ,  the major 
raw m a te ria l cost is  fo r  the s u lfu r  feed , and the conversion of s u lfu r  
in to  usable products is  econom ically very im portant. Secondly, in addi­
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t io n  to the primary F^SO^ product, steam is  generated in the process. 
Consequently, the e f f ic ie n t  e x tra c tio n  of the heats o f combustion and 
reac tio n  as useful steam is  f in a n c ia l ly  s ig n if ic a n t .  F in a lly ,  environ­
mental l im ita t io n s  on vented SO  ^ may req u ire  th a t conversion of SC  ^ to  
SOj supercede a l l  o ther considerations. In the l ig h t  o f these observa­
tio n s  C row e(l) suggested th a t possible independent va ria b le s  might in ­
clude a i r  flo w ra tes  to each bed, bed in le t  tem peratures, bed in le t  gas 
c oncentrations, and bed c a ta ly s t loading. These independent v ariab les  
are the v a ria b le s  which are expected to have the g re a te s t economic im­
pact on the operation of the p la n t.
There are s ix independent va ria b le s  chosen fo r  the optim iza tio n  stu­
dies reported here. The f i r s t  v a r ia b le  is  the to ta l a i r  flo w ra te  which 
a ffe c ts  the gas concentrations in the reac to r chain , the conversion, and 
the tu rb in e  steam usage. The remaining f iv e  v a ria b le s  chosen are a l l  
tem peratures and t h e ir  s ig n ifican ces  are explained as fo llo w s . The gas 
tem perature out of B o ile r  No. 1 a f fe c ts  low temperature steam production 
and the furnace cold a i r  bypass. The in le t  temperature to the 1st reac­
to r  bed is  p a r t ic u la r ly  im portant because under normal conditions the 
bulk o f conversion occurs in the 1st bed. This v a r ia b le  a ffe c ts  B o ile r  
No. 2 steam production. The in le t  temperature to the second bed a ffe c ts  
conversion in th a t bed, B o ile r  No. 2 steam production, and subsequent 
conversions. The la s t  two va ria b le s  are in le t  bed temperatures fo r  the 
th ird  and fo u rth  beds. These varia b le s  a f fe c t  both conversion and su­
perheated steam production. These six v a ria b le s  determine the values of 
a l l  the o ther va ria b le s  through the m ateria l and energy balance and ra te  
equations fo r  the p lan t operating a t a fix e d  s u lfu r  feed ra te .
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There are seven v a ria b le s  associated w ith  the economics o f the proc­
ess, th ree are the product flo w ra tes  and four are the raw m ateria ls  
flo w ra te s . The products are concentrated s u lfu r ic  a c id , high pressure 
steam, and low pressure steam. The raw m a te ria ls  are s u lfu r , b o ile r  
feedw ater, d ilu t io n  w ater, and cooling w ater. Of these v ariab les  the 
steam flo w ra tes  are the most s e n s itiv e  to the independent varia b le s  and 
can s ig n if ic a n t ly  a f fe c t  the p r o f i t  p ic tu re  fo r  the p la n t.
The sim ulations reported here are based upon an e x is tin g  p lan t w ith  a 
s p e c ific  c a p ac ity . The s u lfu r  feed ra te  was f ix e d , and as a re s u lt  the  
s u lfu r  feed cost was constant. Due to the environmental co n s tra in t on 
SO2 in the stack gases, the minimum conversion of SO  ^ to SO  ^ must be 
very high. As a re s u lt ,  the production of acid above th is  minimum can 
only vary s l ig h t ly  fo r  fe a s ib le  operation and can a ffe c t  the p r o f i t  by 
only a few d o lla rs . B o ile r  feedw ater was also set and represented a 
fix e d  cost. D ilu tio n  w ater and coolant water are very inexpensive in 
comparison to the other fa c to rs ; and th e re fo re , contribu ted  l i t t l e  to  
the o v e ra ll economic p ic tu re .
Table 3-13 l is t s  and id e n t if ie s  the im portant va ria b le s  used in these 
stud ies . There were six independent varia b le s  and seven economically
im portant dependent v a ria b le s  of which two were f ix e d . The six inde­
pendent v a ria b le s  l is te d  in Table 3-13 are the ones th a t were manipu­
la te d  by the o p tim iza tio n  a lgorithm  to obtain more p ro f ita b le  values of 
the econom ically s ig n if ic a n t  dependent v a r ia b le s . The independent v a r i ­
ables are re la te d  to the dependent v a ria b le s  through the sim ulation  
model. Seven of the dependent v a ria b le s  from the sim ulation model are
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Table 3 -13 . S ig n if ic a n t Economic V ariab les  Used in the Contact 
Process O ptim ization  Studies
V ariab le V ariab le  Type V ariab le  Id e n t ity
X1
Independent Input A ir  F low rate, lb m o l/h r.
x2
Independent B o ile r  No. 1 O u tle t Temperature, F.
x3 Independent 1st Bed In le t  Temperature, F.
x4 Independent B o ile r  No. 2 O u tle t Temperature, F.
x5 Independent Superheater No. 1 O u tle t Temperature, F.
X6 Independent Superheater No. 2 O u tle t Temperature, F.
y l Dependent S u lfu r ic  Acid Product, lb /h r .
y 2
Dependent High Pressure Steam Product, lb /h r .
y 3 Dependent Low Pressure Steam Product, lb /h r .
y 4 Dependent S u lfu r Feed, lb /h r .
y 5 Dependent B o ile r  Feedwater, lb /h r .
y 6 Dependent Process W ater, lb /h r .
y 7 Dependent Cooling W ater, g a l/h r .
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in  the o b je c tiv e  function  of the economic model, and they are c a lle d  the  
economically s ig n if ic a n t  dependent v a r ia b le s .
The o b je c tiv e  function  used in these studies is ,
7
f ( y )  = I  c ^ .  (3 -1 4 )
i= l
where the values of the c .- 's , i . e .  product sales p rices  and raw m ateria l 
costs, are given in Figure 3 -8 . The economic model has a lin e a r  form  
because a l l  of the c^ 's  are constants. However, the y ^ 's  vary non line- 
a r ly  w ith  the independent v a ria b le s  from the s im ulation model.
The usual o b je c tiv e  functions fo r  the o p tim iza tio n  of a process de­
sign are the net present value and the ra te  of re tu rn . However, in op­
tim iz in g  the performance of the a lready producing p la n t, the o b jec tive  
function is  the net value added, i . e .  the gross sales less the raw ma­
te r ia l  and operation and am ortized c a p ita l costs. The Freeport p lan t 
does not s e ll s u lfu r ic  acid d ir e c t ly  because i t  is  used in  the pro­
duction o f f e r t i l i z e r  in an adjacent p la n t. A lso , they combine the  
costs fo r  la b o r, maintenance, and overhead. These costs are included as 
an adjustment to the p rice  charged to the f e r t i l i z e r  p la n t fo r  the s u l­
fu r ic  acid product. As a re s u lt ,  the operating costs were considered as 
a fix e d  adjustment to  the acid product p rice  on a per pound basis . This  
adjustment is  included in the acid c o e ff ic ie n t  l is te d  in Figure 3 -8 . 
The prices used in th is  study were provided by the Freeport engineers  
and were a l l  constants.
The o b je c tiv e  function  c a lc u la tio n  is  s tra ig h tfo rw ard  w ith  the excep­
tio n  o f the steam q u a n tit ie s . There is  no way to  have DESIGN/2000 in -
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Figure 3 -8 . The Freeport P lan t O b jective  Function and Cost C o e ffic ie n ts
O bjective Functi on:
f ( y )  = c lV l + c2y2 + c3y 3 - C4y4 " c5y 5 '  C6y 6 '  C7y7
Variab le V ariab le  Id e n t ity Cost C o e ffic ie n t
y l Acid Product S 0 .0 2 0 3 /lb
y 2 High Pressure Steam S 0 .0 3 8 9 /1 bmol +
S 1 .2 2 x10_5/BTU *
y 3 Low Pressure Steam S 0.0389/lbm ol
y 4 Raw S u lfu r S 0 .0 5 63 /lb
y 5 B o ile r  Feedwater S 0 .0 1 7 4 6 /lb
y 6 Process Water $ 0 .0 0 9 8 6 /lb
y 7 Cooling Water S 5 .3 x l0 “6/g a l
* Return on high pressure steam is  c a lcu la ted  based on the enthalpy  
content of the high pressure steam above th a t o f the low pressure 
steam.
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te r n a lly  account fo r  the u t i l i z a t io n  of high pressure steam in the 
tu rb in e . The tu rb in e  requirements change w ith  the change in a i r  flow  
ra te . Consequently, a d d itio n a l c a lc u la tio n s  were required to ad just the 
steam product flo w ra tes  to  account fo r  tu rb in e  consumption. This was 
performed in the fo llo w in g  manner. From the sim ulation output the hor­
sepower requirements of the tu rb in e , the q u a n tit ie s  of high and low 
pressure steam, and the enthalpy of the high pressure steam were ob­
ta in e d . Given the exhaust conditions fo r  the tu rb in e  steam, the a v a i l ­
able energy per pound o f high pressure steam was c a lc u la te d . Knowing 
the energy requirements o f the tu rb in e  and the energy a v a ila b le  per 
pound of high pressure steam, tu rb in e  steam consumption was c a lc u la te d . 
This q u a n tity  was then subtracted from the o r ig in a l amount of high pres­
sure steam and added to the o r ig in a l amount o f low pressure steam to ob­
ta in  the corrected product steam q u a n tit ie s .
To obtain  the p r o f i t  from the high pressure steam, the ad d itio n a l 
value of superheated steam was ca lc u la te d  on the basis o f enthalpy con­
te n t above th a t of the low pressure steam. As a re s u lt  the cost c o e f f i ­
c ie n t fo r  the high pressure steam includes two va lues, the re turn  on the 
high pressure steam as low pressure steam and the re turn  on the high 
pressure steam enthalpy content above th a t o f the low pressure steam. 
These fig u re s  are shown in Figure 3 -8 .
The economic model o u tlin e d  above was used as the c r ite r io n  fo r  e v a l­
uation o f a given p lan t s im ulation as a re s u lt  of a p a r t ic u la r  set of 
independent v a r ia b le s . A separate data handling program was w r itte n  to  
s i f t  through the s im ulation output fo r  the econom ically s ig n if ic a n t  var­
Reproduced with perm ission o f the copyright owner. Further reproduction prohib ited w ithout permission.
170
ia b le s , c a lc u la te  the p r o f i t a b i l i t y  o f the s im u la tio n , and to w rite  the 
re s u lts  to an output f i l e .  Thus the economic model was run as a sepa­
ra te  subunit a f te r  the completion of each s im ulation .
F-2 Formulation of the O ptim ization  Problem
The o b je c tiv e  function  shown in Figure 3-8 is  in s u f f ic ie n t  by i t s e l f  
to form ulate an o p tim iza tio n  problem, i t  must be re la te d  to the simu­
la tio n  problem and to the independent v a r ia b le s . The econom ically s ig ­
n if ic a n t  dependent v a ria b le s  of the o b je c tiv e  function  are re la te d  to 
the 6 independent varia b le s  through the s im ulation model. In order to  
u t i l i z e  the economic model fo r  o p tim izing  the process an e x p l ic i t  re ­
la tio n s h ip  must be form ulated re la t in g  the economic model to the simu­
la tio n  model.
A flowsheet s im ulation consists of a set of equations in many v a r i ­
ables inc lud ing  model v a r ia b le s , in le t  and o u t le t  stream v a ria b le s , in ­
te rn a l or re te n tio n  v a r ia b le s , and re s u lts  v a r ia b le s . We can p a r t it io n  
these varia b le s  in to  two sets , the independent v a r ia b le s , x . , and the  
dependent v a r ia b le s , y^, and represent the flowsheet s im ulation w ith  the 
set o f equations shown below in terms o f these v a r ia b le s .
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g j (  y  , x ) = o
g 2 ( v  - *  ) = 0
g 3 ( a , x ) = o (3-15)
9 n ( y  . x ) = o
For o p tim iza tio n  the i independent va ria b le s  are sp e c ifie d  a t each 
step in an alg o rith m , then the values o f the n dependent v a ria b le s  are 
determined by solving the n equation set of the flow sheeting program. 
For the f i r s t  step the independent va ria b le s  are sp e c ifie d  a t reasonable 
s ta rtin g  values. In successive steps the o p tim iza tio n  algorithm  speci­
f ie s  the values o f the independent v a r ia b le s . For the acid p lan t model 
there are 6 independent v a r ia b le s , n dependent v a ria b le s  and n 
equations in the flow sheeting program where n is  on the order of 4000. 
Of these 4000 or so dependent v a r ia b le s , seven appear in the economic 
model, and they are termed the econom ically s ig n if ic a n t  dependent v a r i ­
ab les.
Using the n equations in (3 -1 5 )  above we can in d ic a te  th a t th is  set 
can be solved fo r  the n y ^ 's  in terms of the 6 x . 's  as shown below.
= 9 ' j t  * ) 
y 2 = 9 ' 2 ( -  ) 
y 3 = 9 ' 3( *  } (3 -1 6 )
y n = 9'n< *  }
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Each o f these equations can be expanded in a T aylor series  about the 
base case values of the x . 's  and corresponding y ^ 's  to g ive an e x p l ic i t  
re la tio n s h ip  between each v a r ia b le , y^, and the independent v a r ia b le s , 
x . ,  as fo 11ows,
6
y l  = y 10 + Z ( 39 ' i / 9 x -j) dx .  
i = l  
6
y 2 = y 20 + 1 ( a9 ' 2 / a x i  ^ d x i 
1=1 
6
y 3 = y 30 + i  ( a g '3/ax i ) dxi (3-17)
1=1
6
yn = y n0 *  £ O s 'n /s x , )  dx,
i = l
In th is  fashion a lin e a r  equation can be obtained fo r  each of the de­
pendent v a ria b le s  as functions of the s ix  independent v a r ia b le s .
The values of the p a r t ia l  d e r iv a tiv e s  o f the g ..'s  can be ca lcu la ted  
using a forward d iffe re n c e  approxim ation, i . e .
ag^ = 9k( X !  x , » t x ,  »6) -  g ^ X ) , . . . ^ .......... x6) -
ax,  4X,
(3 -1 8 )
y ki '  y k0 = aki fo r  1 = 2 .........  6
Ax. k = 1, 2 , . . . ,  7
where y^. is  obtained from the flo w ch art sim ulation by perturb ing one x.. 
from the base sim ulation by an amount Ax.. w h ile  holding the o ther f iv e  
x . 's  a t base case values.
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We are only in te re s te d  in the econom ically s ig n if ic a n t  dependent var­
iab les  ou tlin ed  e a r l ie r ,  i . e .  y^, y^ , y^ , y^, y^ , and y -j\ th e re fo re
we w i l l  not need to determine the p a r t ia l  d e r iv a tiv e  in form ation fo r  the 
remaining v a r ia b le s , yg through y n> Consequently 6 flowsheet simu­
la tio n s  are required to compute the grad ien t a t each base p o in t.
The seven equations fo r  the econom ically s ig n if ic a n t  dependent v a r i ­
a b les , equation set (3 -1 7 ) ,  can then be used as c o n s tra in t equations to  
represent the sim ulation model. These equations together w ith  in e q u a lity  
c o n stra in ts  and the o b je c tiv e  function  are used in the fo rm ulation  of 
the o p tim iza tio n  problem. W ritten  in terms of the f in i t e  d iffe re n c e  ap­
proxim ation, the c o n s tra in t equations from l in e a r iz in g  the s im u la tio n , 
equation set (3 -1 7 ) ,  become,
6 6
y l = y 10 + 1 y l i  " y 10 Axi = y 10 + Z a l i  Axi
1=1 Axi i = l
6 6
y 2 = y 20 + X y2i -  y20 a x . = y 20 + z a2 i  a x .
i = l  Ax . i = l
(3 -1 9 )
6 6
y 7 = y 70 + 1 y 7i ~ y 70 Axi = y 70 + 1 a 7i
i = l  Ax, i = l
Figure 3-9 gives the fo rm ulation  o f the o p tim iza tio n  problem as out­
lin e d  above. The o b je c tiv e  function is  th a t described e a r l ie r .  The 
e q u a lity  c o n stra in ts  are T aylor series  expansions of the sim ulation  
model in terms of the econom ically s ig n if ic a n t ,  dependent v a ria b le s  as 
functions of the independent v a r ia b le s . Since f i r s t  order Taylor series  
expansions were used, the c o n stra in ts  are lin e a r .  This fo rm ulation re -
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Figure 3 -9 . Formulation of the Acid P lan t O ptim ization  Problem
Maximize :
f ( y )  = C jy j *  c2y2 *  c3y 3 -  c4y„ -  c5y 5 -  c6y 6 -  c?y 7
Subject to :
6
y l = y 10 + 1 y l i  ~ y 10 ( x i " x iO )
i = l Ax.
6
y 2 = y20 + I y 2i  " y 20 ( x i ' x iO:
i = l AX.
6
y 3 = y 30 + I y 3i  ' y 30 ( x i _ x iO:
i = l Ax.i
6
y 4 = y 40 + I y 4i  " y 40 ( x i ' x iO:
i = l Ax.i
6
y 5 = y 50 + Z y 5i " y 50 ( x i ~ x iO:
i = l Ax.
6
y 6 = y 60 + Z y 6i " y 60 ( x i " x iO:
i = l Ax.i
6
y 7 = y 70 + I y 7i ' y 70 ( x i - x i 0 :
i = l Ax.
Also included in the c o n stra in ts  are upper and lower bounds 
on the independent v a ria b le s  and capacity  co n stra in ts  on the 
dependent v a r ia b le s .
where
xi = independent v ariab les  
y i = dependent v a riab les
y4 ’y 5 = constan ts-
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la te s  the sim ulation model to the economic model in the fo rm ulation  o f 
an optim iza tio n  problem which can be solved by the techniques presented  
in Chapter I I .
This concludes the exp lanation o f the development of the economic 
model and i t s  use. The fo llo w in g  comments w i l l  expand on the data an al­
ys is  and m anipulation techniques th a t were used to  eva luate  the simu­
la tio n s  and the economic model and to  implement the op tim iza tio n  
procedures. Following these comments the base case performance of the 
economic model is  presented.
F-3 Data Handling Programs
The basic function  o f the DESIGN/2000 s im ulator is  to perform the 
mass and energy balances associated w ith  the design or sim ulation of a 
given flow charted process. These c a lc u la tio n s  re q u ire  an immense number 
of a d d itio n a l c a lc u la tio n s  th a t are needed fo r  the o v e ra ll mass and en­
ergy c a lc u la tio n s . As might be expected, ChemShare provides the user 
w ith  access to much o f th is  in fo rm atio n . Consequently, the output from 
a DESIGN/2000 run is  both complex and comprehensive o ften  exceeding 200 
p rin ted  pages.
In order to  make the desired economic evaluation  of any given simu­
la t io n , the values o f the p e rtin e n t v a riab les  have to be e x trac ted  from 
the output. Id e a l ly ,  the best approach to  th is  problem would be to  
a l t e r  the DESIGN/2000 w r it in g  scheme so th a t the varia b le s  o f choice are 
s e le c t iv e ly  w ritte n  to an in te rim  work f i l e .  U n fo rtu n ate ly , such an ap­
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proach requires access to the in te rn a l workings of the DESIGN/2000 s o ft ­
ware, and such access is  p ro h ib ite d . As a re s u lt ,  an output scanning 
program, SHUF1, was w r itte n  to analyze the output, s e le c t necessary var­
ia b le  values, make the economic c a lc u la tio n s , and p r in t  the re s u lts .  
This procedure required one program and two work f i l e s .  The f i r s t  f i l e  
was a physical sequential f i l e  addressed through lo g ic a l u n it number 6 
in  the DESIGN/2000 execution JCL. The normal s im ulation output was 
w ritte n  to th is  f i l e  instead of queued to  a system l in e  p r in te r .  The 
data analys is  program then addressed th is  f i l e  l in e  by l in e  searching  
fo r  keywords and selected the requ ired  values of economic v a r ia b le s .  
Once the f i l e  had been read and a l l  the necessary values ass im ila te d ,  
the program then performed the economic ca lc u la tio n s  and wrote in to  an­
other f i l e  the re s u lts  of the s im ulation of im portant equipment u n its  
and streams and the re s u lts  o f the economic e v a lu a tio n . Appendix D 
l is t s  the data handling -  economic evaluation  program, SHUF1, and an ex­
ample o f the re s u lts  output. This approach was used in the an alys is  of 
a l l  sim ulation outputs generated by these stud ies .
In ad d itio n  to the economic e v a lu a tio n , o ther in form ation was needed 
in  order to use o p tim iza tio n  algorithm s w ith  the sim ulation program, the  
most im portant piece of inform ation being the p a r t ia l  d e r iv a tiv e s  from 
the f in i t e  d iffe re n c e  approximation c a lc u la tio n . Another FORTRAN pro­
gram, SHUF5, was w ritte n  to c a lc u la te  the d e r iv a tiv e s  o f the o b je c tiv e  
function  w ith  respect to the independent v a r ia b le s . A forward f in i t e  
d iffe re n c e  approximation was used in the estim ation of the p a r t ia l  de­
r iv a t iv e s . Appendix E l is t s  the d e r iv a tiv e  c a lc u la tio n  FORTRAN code, 
SHUF5, used in the grad ien t determ inations.
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In  order to  address and manipulate the independent v a ria b le s  w ith in  
the s im ulation input code, another physical sequential f i l e ,  MOD, was 
created . This f i l e  was defined as a d ire c t  access in p u t/o u tp u t f i l e  
thereby f a c i l i t a t in g  the I/O  access to the independent v a r ia b le s . The 
sim ulation input code was stored in the d ire c t  access f i l e  which was 
then addressed by the various s h u fflin g  programs as needed. A d ire c t  
access f i l e  enables the user to  s e le c t iv e ly  address data on a l in e  by
lin e  b asis . There is  no need to scan the e n t ire  f i l e  searching fo r  key­
words. The d ire c t  access s p e c if ic a tio n  g re a tly  enhances the I/O  capa­
b i l i t i e s  of the user, and as such i t  would o rd in a r ily  be the option of 
choice fo r  handling the DESIGN/2000 sim ulation output mentioned above. 
However, the sim ulation output v aries  in length and to some exten t fo r ­
mat fo r  each sim u latio n . Since the d ire c t  access f i l e  must not vary in  
size  or o rg a n iza tio n , i t  was not possib le to assure th a t the sim ulation
re s u lts  would p r in t  the same in form ation a t the same p o s itio n  fo r  suc­
cessive runs; and th e re fo re , d ire c t  access could not be u t i l iz e d .  For 
th is  reason, the in e f f ic ie n t  process of reading each output l in e  had to 
be used by the data handling -  economic evaluation  program described  
e a r l ie r .  The only changes th a t needed to  be made in the m anipulation of 
the independent va ria b le s  from sim ulation to sim ulation fo r  d e r iv a tiv e  
c a lc u la tio n s  were changes in the independent v a r ia b le  s p e c if ic a tio n s .  
Thus, one input code f i l e  could be used in conjunction w ith  the d ire c t  
access option .
Due to  the coupling o f conversion and steam production as a ffe c te d  by 
changes in the independent v a r ia b le s , i t  was not possible to make more 
than one p e rtu rb a tio n  and to  c a lc u la te  more than one d e r iv a tiv e  per sim­
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u la tio n . The d e r iv a tiv e  o f each v a r ia b le  required a separate simu­
la t io n . Thus, there  were seven sim ulations requ ired  per g rad ien t 
c a lc u la t io n , i . e .  one base po in t and six p e rtu rb a tio n  s im ulations. To 
perform these evaluations a special JCL was w r it te n . I t  is  lis te d  in 
Appendix F.
The a lgorithm  fo r  the d e r iv a t iv e  e v a lu a tio n s , shown in Figure 3 -10 , 
uses the DESIGN/2000 input code f i l e  MOD shown e a r l ie r  in Figure 3 -4 .
The f i r s t  l in e  of the MOD f i l e ,  is  reserved fo r  the ChemShare account
number requ ired  fo r  a l l  s im ulations. Lines 2 through 5 are used fo r  
grad ien t c a lc u la tio n  in fo rm atio n . Line 2 stores the values of the six  
independent v a ria b le s  a t the po in t about which the d e r iv a tiv e s  are being 
determ ined. Line 2 also stores the economic value o f the o b je c tiv e  
function  value a t any given ite r a t io n  of the grad ien t e v a lu a tio n . Line 
3 stores the c a lcu la ted  p a r t ia l  d e r iv a tiv e s  from each pertu rb a tio n  and 
i te r a t io n .  Line 4 stores the value of the o b je c tiv e  function a t the 
c u rren t base p o in t. F in a lly ,  l in e  S keeps tra c k  o f the number of i t e r ­
a tions exercised in the grad ien t e v a lu a tio n , thereby d ire c tin g  the next 
step in the scheme.
A s im ulation is  performed and the o b je c tiv e  function  is  evaluated
w ith  the value w r itte n  to l in e  2 of the input code f i l e  by the economic
eva lu a tio n  program SHUF1. Then the f in i t e  d iffe re n c e  a lgorithm  is  in ­
voked by the grad ien t program SHUF5 which is  c a lle d  by the JCL. This  
program addresses the input code f i l e ,  MOD, and stores the base po in t 
conditions in lin e s  2 through 5 as described above, perturbs the f i r s t  
v a ria b le  and w rite s  i t  in the input f i l e  MOD. The JCL procedure next
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Figure 3-10. Gradient Loop Algorithm
(ITER A TIO I
EXECUTE BASE POINT 
SIMULATION
INVOKE ECONOMIC
INVOKE GRADIENT
S H U F 5
EXECUTE NEW 
PERTURBATION
UPDATE SIMULATION  
MODEL FOR NEXT 
DERIVATIVE
L
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submits a new s im ulation w ith  the perturbed f i r s t  v a r ia b le . At the com­
p le tio n  of the sim ulation the economic model program is  invoked. From 
here the grad ien t eva luation  program SHUF5 then ca lc u la te s  the change in  
the o b je c tiv e  function  as a re s u lt  of the p ertu rb a tio n  of the f i r s t  var­
ia b le ,  stores th a t d e r iv a tiv e  in lin e  2 o f MOD, perturbs the second var­
ia b le ,  and updates the i te ra t io n  count. A new sim ulation is  submitted 
and the e n t ire  procedure repeated u n t il a l l  six  va ria b le s  have been per­
tu rbed . A fte r  the s ix th  it e r a t io n ,  the i n i t i a l  v a r ia b le  values have a l l  
been re in s ta te d , the d e r iv a tiv e s  have been c a lcu la ted  and stored, and 
the job ends. Figure 3-10 depicts the grad ien t loop algorithm .
F-4 O ptim ization  Software
One o f the in te n tio n s  of th is  research p ro je c t is  to in v e s tig a te  the 
f e a s ib i l i t y  and the r e la t iv e  m erits o f applying some of the more power­
fu l o p tim iza tio n  algorithm s c u rre n tly  a v a ila b le  to a commercial simu­
la t io n  of an e x is tin g  chemical p la n t. This research e f f o r t  has made 
extensive use o f the MINOS 5 .0  op tim iza tio n  package fo r  the successive 
l in e a r  programming and reduced grad ien t a lgorithm s. MINOS is  the Modu­
la r  In -co re  Nonlinear O ptim ization System developed by Murtagh and 
Saunders(15) a t Stanford U n iv e rs ity . The MINOS 5 .0  package is  a re fin e d  
version of the MINOS/AUGMENTED system and includes algorithm s fo r  exe­
cu ting the Simplex A lgorithm , a quasi-Newton method, the reduced g ra d i­
ent method, and a pro jected  Lagrangian method. Each of these techniques 
is  an adaptation o f the o r ig in a l methods, i . e .  the lin e a r  programming 
algorithm  is  based on th a t of D a n tz ig (2 2 ), the reduced grad ien t method 
traces back to W o lfe (1 5 ), the quasi-Newton method is  based upon the work
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of Davidon(23), and the pro jected  augmented Lagrangian a lgorithm  is  
based upon the method o f Robinson(24). The re s u lta n t modular package is  
thus useful fo r  the so lu tion  of both large and small problems in what 
Saunders and Murtagh r e fe r  to as the four areas of smooth o p tim iza tio n .
The MINOS 5 .0  package was purchased from the Systems O ptim ization  La­
boratory a t Stanford and in s ta lle d  on the LSU IBM 3081/3084 system. 
This program package is  q u ite  in tr ig u in g  w ith  regard to  i t s  f l e x i b i l i t y .  
However, the users guide is  d i f f i c u l t  to comprehend and perhaps serves 
b e tte r  as a reference guide. I t  is  w ith in  the c a p a b il i t ie s  of the sys­
tem to s e le c tiv e ly  employ the lin e a r  programing or the reduced grad ien t 
alg o rith m . Thus, MINOS 5 .0  was used both fo r  the successive l in e a r  pro­
gramming studies and fo r  the g enera lized  reduced grad ien t in v e s t i­
g ations.
In order to use the MINOS 5 .0  system the user must specify a t le a s t 
two f i l e s ,  the SPECS f i l e  and the MPS f i l e .  In a d d itio n , subroutine FU- 
NOBJ must be s p ec ified  i f  a non linear o b je c tiv e  function  is  involved, 
and subroutine FUNCON must be defined i f  n on linear c o n s tra in t functions  
are invo lved . The SPECS f i l e  is  used to defin e  various run parameters 
such as ite ra t io n  l im its ,  to le ra n c e s , crash options, damping parameters 
and the l ik e .  The MPS f i l e  is  used to specify  the names fo r  the con­
s tra in ts  and bounds and to  input the problem d ata . The data format is  
fix e d  as based upon the industry  standard MPS form at. Thus, the MINOS
5.0  MPS f i l e  is  recognized by a l l  commercial mathematical programming 
systems including MPS/360, MPSX, A P E S III, FMPS, and the l ik e .  Appendix 
G l is t s  examples of the SPECS and MPS f i l e s  used in  th is  research. Sub­
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ro u tin e  FUNOBJ is  used to c a lc u la te  the value o f the o b je c tiv e  fu n c tio n , 
f (x  ) ,  and as much of the g rad ien t as possib le . Since these values are  
a l l  stored in the MOD f i l e  by the g rad ien t eva luation  procedure, FUNOBJ 
need only address the MOD f i l e  and read in the values o f the o b je c tiv e  
function  and the d e r iv a tiv e s . Appendix H also l i s t s  the JCL fo r  execut­
ing MINOS jobs.
This concludes the presentation  on the development o f the economic 
model and the data handling and f i l e  m anipulation programs needed in  
th is  research p ro je c t. The fo llo w in g  comments w i l l  address the perform­
ance of the economic model.
G Performance of the Economic and Process Models
The ob jec tives  of th is  section are th re e fo ld . F ir s t ,  the re s u lts  of 
the economic model are given fo r  the base case operation of the simu­
la t io n  model. This base case is  used as a benchmark to  eva luate  the 
m erit of a lte rn a te  sim ulation models. Second, r e a l is t ic  lim its  are de­
fin ed  on the independent v a r ia b le s . F in a lly ,  some im portant p ra c tic a l 
questions are analysed concerning the a p p lic a tio n  of the grad ien t eva lu ­
a tio n  algorithm s o u tlin ed  above.
G -l The Base Case
Table 3-14 gives the re s u lts  o f the base case economic c a lc u la tio n s . 
These re s u lts  r e f le c t  the economic status fo r  base po in t operation of 
the p la n t. This is  the s im ulation o f the Freeport P lant operating under
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Table 3-14. Base Case Economic Model Results
Product-Raw M ateria l Q uantity Return C ontribu tion  (5 /h r )
Acid Product 
High Pressure Steam 
(630 F, 600 p s ia ) 
Low Pressure Steam 
(49b F, 650 p s ia ) 
S u lfu r Feed 
B o ile r  Feed Water 
D ilu tio n  Water 
Cooling Water
147,011 ( lb /h r )  
3,920 ( lb m o l/h r)
5,967 (lb m o l/h r)
1,500 ( lb m o l/h r)
1 2 ,0 0 0  (lb m o l/h r)  
1,471 ( lb m o l/h r)  
5 .2 4 9 x l0 5 (g a l /h r )
2984.33
237.18
-2707.97
-1 1 .6 4
-0 .8 1
-2 .7 8
Net P r o f it  (S /h r )  = 766.42
Net P r o f it  (S /d ay ) = 18,394.08
Net P r o f it  (S /y e a r ) = 5 ,51 8 ,2 2 4 .0 0  *
* Based on 24 (h r /d a y ) ,  300 (d a y /y e a r) operation .
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normal conditions w ith  the independent v a ria b le s  set a t the base case 
values l is te d  e a r l ie r  in th is  chapter. Associated w ith  th is  sim ulation  
are the base case economic parameters. The re s u lts  presented in Table 
3-14 represent the p r o f i t a b i l i t y  of the p lan t as re fle c te d  in the r e la ­
t iv e  gains fo r  products versus operation and raw m a te ria ls  costs.
There are a few im portant observations to be made about these re ­
s u lts . F ir s t ,  some o f the econom ically s ig n if ic a n t  dependent v ariab les  
are not very s e n s itiv e  to changes in the independent v a r ia b le s . The s i ­
m ulation represents a p lan t w ith  a f ix e d  c a p ac ity , i . e .  the molten su l­
fu r  feed is  f ix e d . A lso, the b o ile r  feedwater is  constant because the  
amount of steam th a t can be produced is  d ir e c t ly  t ie d  to the s u lfu r  feed  
ra te . These two fa c to rs  are fix e d  costs. The acid product, the d i ­
lu tio n  w ater, and the cooling water are coupled. Feasib le operations  
re q u ire  a minimum conversion o f 98?0 o f the molten s u lfu r  to s u lfu r ic  
acid ; and thus, there  is  a re s tr ic te d  range of fe a s ib le  operations. 
Consequently, the acid product, the d ilu t io n  w ater, and the cooling  
water w i l l  not have a large v a r ia tio n  over the range o f fe a s ib le  so l­
u tio n s . The most s e n s itiv e  va ria b le s  in the o b je c tiv e  function are the 
steam flo w ra te s . As the re s u lts  w i l l  show, these q u a n tit ie s  can vary 
w idely  over the range of fe a s ib le  values of the independent v a r ia b le s .  
The s e llin g  p ric e  o f the high pressure steam is  scaled based on i t s  en­
th a lp y  content. Thus, the maximum p r o f i t  is  one th a t produces s u lfu r ic  
acid above the minimum required by environmental reg u la tio n s  w h ile  gen­
era tin g  the most p ro f ita b le  combination o f high pressure and low pres­
sure steam.
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G-2 S election  of Independent V ariab le  Ranges
The s e lec tio n  o f the independent v a ria b le s  and the ra tio n a l behind 
th a t s e lec tio n  was presented e a r l ie r .  In  order to  proceed w ith  the op­
t im iz a t io n , ranges must be set fo r  those independent v a r ia b le s . Table 
3-15 l is t s  the v a r ia b le  ranges used in these stu d ies . These ranges were 
based upon equipment ca p a c itie s  and physical r e a l i t y  as described below.
The minimum a i r  feed ra te  was determined by the burner o u t le t  temper­
ature  s e tp o in t. Since a fix e d  q u a n tity  of molten s u lfu r  was combusted 
and fed in to  the process on an hourly b as is , a fix e d  amount of energy 
was added to the system. The a i r  feed entered a t a f ix e d  temperature  
and pressure. Consequently, in order to obtain  a blended burner o u tle t  
tem perature o f 1800°F, a fix e d  a i r  feed s p l i t  was e s tab lish ed . For a 
su lfu r  feed ra te  o f 1,500 lbm ol/h r and a i r  feed conditions of 70 F and 
14.7 p s ia , 14,330 lbm ol/h r o f a i r  must pass through the burner. Thus an 
absolute minimum of 14,330 lbm ol/h r o f a i r  feed is  requ ired  to meet the  
process set p o in t. A lower l im i t  o f 16,000 lbm ol/h r was selected to 
allow  fo r  a s lig h t  excess over the requ ired  minimum and to m aintain an 
adequate abundance o f oxygen in the re ac to r beds. This lower l im it  re ­
presents 4 ,000 lbm ol/h r less than the base a i r  fe e d ra te . The upper 
l im i t  of 24,000 lbm ol/h r was selected pure ly  on a symmetrical basis ,
i . e .  a llow ing  the independent v a r ia b le  to vary an equal amount above and 
below the base case value.
The s e lec tio n  of the lower l im i t  fo r  the bed in le t  tem perature v a r i ­
ables was based upon the k in e tic s  o f the conversion process. At lower
Reproduced with perm ission o f the copyright owner. Further reproduction prohib ited w ithout permission.
186
Table 3-15. Independent Variable Ranges
Lower Upper Base Case 
V ariab le  V ariab le  Id e n t ity  L im it L im it Value
X1
Input A ir  F low rate, lbm ol/hr 16,000 24,000 2 0 ,0 0 0
X2
B o ile r  N o .l O u tle t Temp, F 780 860 800
X3 Bed N o .l In le t  Temp, F 780 860 800
x4 B o ile r  No.2 O u tle t Temp, F 780 860 810
X5 Super Heater N o .l O u tle t Temp, F 780 860 850
X6 Super Heater No.2 O u tle t Temp, F 780 860 825
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temperatures the eq u ilib riu m  conversion is  higher but the reac tio n  ra te  
is  slower. At higher temperatures the reac tio n  ra te  is  fa s te r  but the 
eq u ilib riu m  conversion is  lower. However, there is  a minimum temper­
ature  requirement below which there  is  in s u f f ic ie n t  energy fo r  a u to ig n i­
t io n . In  his research D o e rin g (l) used a minimum temperature l im it  of
788°F. The Freeport engineers have observed temperatures as low as 
760°F a t the Uncle Sam P la n t. A lower l im i t  of 780°F was selected fo r  
these stud ies . G en era lly , the upper tem perature lim its  imposed on a re ­
ac to r are designed to prevent c a ta ly s t d e a c tiv a tio n . The upper l im it  
se lec ted , 860°F, is  low enough to circumvent th is  problem. Note th a t
the base case bed tem peratures o f the p lan t va ria b le s  range from 800°F 
to 850°F. Thus, the tem perature ranges selected here bound the actual 
operational range. The B o ile r  No. 1 o u t le t  tem perature is  not a bed 
in le t  tem perature v a r ia b le . However, the same ranges were applied  to 
th is  v a r ia b le  as were fo r  the bed in le t  tem perature v a r ia b le s .
In a l l  o f the studies reported on the fo llo w in g  pages, the reso lu tio n
on the temperature was taken as 5°F and on a i r  feed flo w ra te  as 500 
lb m o l/h r. This was done in order to m aintain a r e a l is t ic  reso lu tio n
w ith  the economic model. I f  th is  is  considered as a d is c re te  g rid  of 
values there  were 17 possib le tem perature s e ttin g s  or 17 possible flow ­
ra te  s e ttin g s  re s p e c tiv e ly  fo r  each independent v a r ia b le . For th is  g rid  
there  is  a to ta l  24 ,137 ,569 possible d i f fe r e n t  sim ulations fo r  an ex­
haustive search o f the acid p la n t problem over the range of the inde­
pendent v a r ia b le s .
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G-3 Gradient Evaluation Strategies
There are several techniques a v a ila b le  fo r  the numerical estim ation  
of d e r iv a tiv e s . This research employed a forward d iffe re n c e  approxi­
mation which was evaluated by the pertu rb a tio n  o f the independent v a r i ­
ables in a converged sim ulation model. In  Parker and Hughes'(16) 
studies of the amonia process, quadratic  models were form ulated from the 
u n it modules, and the d e r iv a tiv e s  were ca lc u la te d  using the quadratic  
approximations of the u n it modules. This approach was reported to save 
a s ig n if ic a n t  amount o f computer time in th a t f u l ly  converged sim ulation  
models were not requ ired . However, the quadratic  models used to compute 
the d e r iv a tiv e s  were approximations to the process model.
One of the most expensive costs in the use of sequential modular sim­
u la to rs  fo r  process optim ization  is  th a t associated w ith  obtain ing func­
tio n  and grad ien t in form ation . In  B ieg le r and Hughes1(1 7 ,1 8 ,1 9 ) studies  
of the flash  u n it  and o f a ch lo rin a tio n  process, one ite r a t io n  of the 
sim ulation model was used fo r the d e r iv a tiv e  approxim ations. Rather 
than using f u l ly  converged models fo r  the eva lu a tio n  of d e r iv a tiv e s ,  
they used c a lc u la tio n s  th a t were obtained from only one pass or i t e r ­
a tio n  and in some cases p a r t ia l  passes through the c a lc u la tio n  sequence. 
B ie g le r compared the re s u lts  of op tim iza tio n s  using the one pass approx­
im ations w ith  ones th a t used approximations from converged models and 
observed no d iffe re n c e  between the approaches fo r  the sim ulation of the 
f la s h  u n it  th a t was studied.
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The use o f th is  short cut technique was studied fo r  the acid p lan t  
stud ies , because a f u l ly  converged model required upwards of 7 or 8 i t ­
era tio n s  to converge. The use of unconverged models p o te n t ia lly  could 
save a s ig n if ic a n t  amount of computer tim e.
Table 3-16 l is t s  the re s u lts  of an evaluation  o f several a lte rn a te  
ways to evaluate the f i r s t  p a r t ia l  d e r iv a tiv e  approximations using the 
sim ulation a t the base case. Results were obtained fo r  1, 2, 4, and 10 
i te ra t io n s  to in v e s tig a te  the e f fe c t  of p a r t ia l ly  converged and fu l ly  
converged sim ulations on the values of the p a r t ia l  d e r iv a tiv e s . In ad­
d it io n , the pertu rb a tio n  s ize  was in v e s tig a te d . Note th a t each d e riv a ­
t iv e  value lis te d  in Table 3-16 was obtained from a separate sim ulation  
run and the number of ite ra t io n s  given in parentheses below the d e riv a ­
t iv e  value is  the number o f ite ra t io n s  used when the convergence c r i t e ­
rion  was met. I f  there is  no number in parentheses below the d e r iv a tiv e  
value fo r  th a t p a r t ic u la r  evalu atio n  then the sim ulation did not con­
verge. Up to 9 ite ra t io n s  were required fo r  convergence as shown in the  
row l is te d  as evaluation  number 4. None o f the pertu rb a tio n  sim ulations  
converged w ith in  2 or 3 ite r a t io n s , but four of the six d e r iv a tiv e  c a l­
cu la tio n s  converged in 4 ite ra t io n s  as ind ica ted  under eva luation  number
3. Evaluation number 4 shows th a t the remaining two d e riv a tiv e s  re ­
quired 6 i te ra t io n s  and 9 ite ra t io n s  to converge.
A comparison of the p a r t ia l  d e r iv a tiv e s  fo r  eva luations 1 and 4 in d i­
cates th a t two of the six d e r iv a tiv e s  using 1 i te r a t io n  d i f f e r  in both 
sign and magnitude from the d e r iv a tiv e s  c a lcu la ted  from the converged 
sim ulations. However, th ree o f the other four d e r iv a tiv e s  were close in
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Table 3 -16 . Base Case G radient Evaluation Study
Evaluation
Number
Number of 
Iterations
Step Size 
(%)
Converged
Status
Af
Ax^ '
Af
A^
Af
Ax3
Af
Ax4 .Pi
s Af
AX6
1 1 1.0 Not -0.0324 0 -0.373 2.810 0.289 -2.974
2 2 1.0 Not -0.781 2.664 2.268 5.614 2.473 -0.639
3 4 1.0 Partial -0.0308
(4)*
0
(4)
-0.386 2.945
(4)
-0.213
(4)
-3.783
4 10 1.0 Full -0.0308
(4)
0
(4)
0.0913
(6)
2.945
(4)
-0.213
(4)
-3.760
(9)
5 2 3.0 Not 0.0069 0.884 1.281 3.315 0.584 -2.403
6 4 3.0 Partial -0.0289 0
(4)
0.412
(4)
2.450 -0.279
(4)
-3.880
*
The numbers in parentheses give the number of iterations for the simulation to converge.
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both sign and magnitude, and one was zero . I t  was concluded th a t d e r iv ­
a tiv e s  from f u l ly  converged sim ulations are required fo r  the acid p la n t, 
and use of d e r iv a tiv e s  from p a r t ia l ly  converged or even non converged 
sim ulations could cause movement in an in c o rre c t d ire c t io n . Notice th a t  
f iv e  o f the six d e r iv a tiv e s  c a lcu la ted  a f te r  2 ite ra t io n s  are s ig n if ­
ic a n t ly  d if fe r e n t  from the d e r iv a tiv e s  from the converged s im ulations. 
These d e riv a tiv e s  are a re s u lt  o f the movement o f pertu rb a tio n s  through 
the flow sheet. With subsequent ite ra t io n s  the d isturbances dampen and 
convergence ensues.
The step -s izes  in ves tig a ted  were 1% and 3?0 of the magnitude o f the 
independent v a r ia b le s . Th erefo re , since x^ was 800°F the step sizes  
were 8 °F and 24°F fo r  v a r ia b le  x^ re s p e c tiv e ly . The 2% s te p -s ize  simu­
la tio n s  were only p a r t ia l ly  converged a f te r  2 ite ra t io n s  and th ree of 
the six sim ulations were converged a f te r  4 ite r a t io n s . Comparing f in i t e  
d iffe re n c e  approximations fo r  v a ria b le s  x^ and x^ which had converged 
s im ulations, the value fo r  v a r ia b le  x^ d if fe re d  by four times th a t of 
the 1% s te p -s ize  and the value fo r  v a ria b le  x^ was w ith in  30°o o f the 1% 
s te p -s iz e . This gives some in d ic a tio n  o f the n o n lin e a rity  of the proc­
ess model. Consequently, from the re s u lts  of th is  study only fu l ly  con­
verged sim ulations were used in the c a lc u la tio n  o f d e r iv a tiv e s . A ll 
f u l l  acid p lan t model d e r iv a tiv e  evaluations u t i l iz e d  a 1% forward f i ­
n ite  d iffe re n c e  approxim ation.
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H Closure
This chapter has presented d escrip tions of the contact acid process, 
the sim ulation and optim iza tio n  softw are, and the data handling and f i l e  
m anipulation methods u t i l iz e d  in th is  research e f f o r t .  In a d d itio n , a 
v a lid a tio n  of the sim ulation model and the base case performance o f the 
economic model have been presented. F in a lly ,  a study in d ic a tin g  how 
grad ien t approximations are evaluated was g iven. Chapter IV w i l l  d e ta il 
the re s u lts  o f the optim iza tio n  in v e s tig a tio n s  using the models and pro­
grams described in th is  chapter.
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Chapter IV 
RESULTS AND ANALYSIS
A Introduction
In th is  chapter re s u lts  are given fo r  the ap p lic a tio n  o f the p re v i­
ously o u tlin ed  o p tim iza tio n  algorithm s to the economic and sim ulation  
models. A lso, an an alys is  o f the performance of the ChemShare software  
package to sim ulate the s u lfu r ic  acid p la n t is  g iven. The fin d in g s  are 
compared w ith  other o p tim iza tio n  s tu d ies , and comparisons o f the per­
formance o f these approaches w ith  other techniques are made. Following  
t h is ,  a d e ta ile d  account is  given fo r  the modeling process w ith  regards 
to the advantages, disadvantages, and a p p lic a b il i ty  of the sim ulation  
so ftw are .
B O ptim ization  of the S u lfu r ic  Acid Plant
In th is  section the re s u lts  are presented fo r  the op tim iza tio n  stu­
d ies using the contact s u lfu r ic  acid p la n t sim ulation and economic model 
given in Chapter I I I .  Comparisons are made among the o p tim iza tio n  tech­
niques considered in Chapter I I  emphasizing th e ir  a p p lic a b il i ty  to com­
m ercial flow sheeting programs.
196
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B -l Successive L inear Programming O ptim ization of the S u lfu r ic  Acid 
Plant
The l i t e r a tu r e  review of Chapter I I  pointed out th a t successive l in e ­
ar programming, SLP, has a tta in e d  s ig n if ic a n t  success in dealing  w ith  
chemical process problems. However, SLP has not received much consider­
atio n  as an appropria te  method fo r  dealing w ith  flow sheeting problems. 
In the few cases where lin e a r  models were studied and compared to quad­
r a t ic  approaches, th ere  is  in s u f f ic ie n t  inform ation to in d ic a te  th a t e i ­
th er method is  overwhelmingly superio r.
The a p p lic a tio n  of successive l in e a r  programming in th is  research was 
on an in te ra c t iv e  b asis . The in d iv id u a l steps u t i l i z in g  the various  
components, i . e .  the flow sheet model, the lin e a r  programing code, and 
the data m anipulation programs, were c a rrie d  out s e p ara te ly . In  th is  
fashion decision making was exercised between each stage. The prominent 
reason fo r  th is  approach was due to the nature o f the ChemShare software 
a v a ila b le  fo r  th is  work, i . e .  load modules which did not perm it access 
to the inner workings of the programs. The separate use of these v a r i ­
ous components was the only r e a l is t ic  way to apply the o p tim iza tio n  
software to the flow sheeting programs. Since there is  no way to d ir e c t ­
ly  access the neccessary s im ulation output in form ation from the simu­
la t io n  model, i t  was decided th a t executing the s im ulation and the 
o p tim iza tio n  programs separate ly  would be the most e f f ic ie n t  approach. 
Source codes fo r  th is  and o ther commercial flow sheeting programs are e i ­
th e r not a v a ila b le  or are p ro h ib it iv e ly  expensive.
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As o u tlin ed  in Chapter I I I ,  successive lin e a r  programming was app lied  
to the economic model and c o n s tra in t equations which were derived from 
the re s u lts  o f the sim ulation model. The sim ulation model was used sep­
a ra te ly  w ith  the economic model and the optim iza tio n  a lgorithm  in the 
black box fashion. Therefore the process sim ulation re ta in ed  i t s  in te g ­
r i t y  and com plexity. L inear or quadratic  approximations of the simu­
la t io n  model were not made, and d e r iv a tiv e s  fo r  the op tim iza tio n  
algorithm s were computed using the sim ulation model.
In Chapter I I I  Figure 3-9 d ep icts the format of the optim iza tio n  
problem developed fo r  the a p p lic a tio n  o f non linear programming a lgo­
rithm s. The o b je c tiv e  function  is  l in e a r  and subject to lin e a r iz e d  con­
s tra in ts  obtained from the sim ulation model. Chapter I I I  o u tlin ed  the 
development of the o b je c tiv e  function  and the form ulation o f the con­
s tra in ts .  The set o f co n s tra in t equations are the lin e a r iz e d  mass and 
energy balance equations from the flow sheeting softw are. The econom­
ic a l ly  im portant dependent v a r ia b le s , y ^ , were defined as those simu­
la tio n  v a ria b le s  th a t appear in the economic model o b je c tiv e  fu n c tio n . 
The independent v a r ia b le s , x . ,  were selected from the set of sim ulation  
v ariab les  in accordance w ith  the degrees o f freedom fo r  th is  problem as 
being im portant v a ria b le s  in op tim izing  the p la n t. The c.. constants are 
p r o f i t  and cost c o e ff ic ie n ts  fo r  the associated products and raw m a te ri­
a ls  as described in the development of the economic model in Chapter I I I  
where the values o f the c^.'s were given in Figure 3 -8 .
Figure 4-1 extends the form at of Figure 3-9 fo r  the ap p lic a tio n  of 
successive l in e a r  programming to the flowsheet model. This format is
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Maximize
Subject
Figure 4-1. LP Format for the Flowsheet Problem
f ( y )  = C jy j ♦ c2y 2 + c3y 3 -  c4y 4 -  c5y 5 -  c6y 6 -  c?y7
y  ^ ~ 1 an xi = -ym - 1 an x10 *  “ 11 *1 0
i= l  1=1
6 6
y 2 ‘  1 a2 i x i = _ y20 ” Z a2 i Xi 0 
i = l  i= l
6 6
y 3 ‘  1 a3 ix i = “y 30 “ 1 a3 i x i 0 
i= l  i= l
6 6
y 6 " 1 a6 i x i = _y60 _ 1 a6 i x i 0 
i= l  1=1
6 6
y 7 “ 1 a7 i xi = _y70 '  1 a7 1x10 
1=1 1=1
y l < 149050
y 2 + y 3 < 12000
y 4 = 1500
y 5 = 12000
16000 < Xj < 24000
780 < x? < 860
780 <
OCO
I 
or
780 < x4 < 860
780 < x5 < 860
780 < x6 < 860
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required in the MPS f i l e  fo r  use w ith  the MINOS softw are. The f i r s t  
f iv e  c o n s tra in t equations shown in the fig u re  are each composed of one 
o f the economically im portant, dependent v a r ia b le s , y .., and the six in ­
dependent v a r ia b le s , x . , as o u tlin ed  in equation (3 -1 6 )  o f Chapter I I I .  
Although the sim ulation model re la te s  a l l  o f these va ria b le s  together 
through the mass and energy balance equations, these co n s tra in t  
equations are e x p l ic i t  representations of the re la tio n s h ip s  between the 
independent and econom ically im portant dependent v a ria b le s  from Taylor  
series  expansions fo r  use w ith  the o p tim iza tio n  algorithm . The d e r iv a ­
tio n  o f these c o n s tra in t equations was presented in Chapter I I I .  The 
r ig h t  hand side is  constant and represents the combination of the con­
stan t terms in the Taylor s e r ie s , i . e .  the base po in t dependent v a ria b le
value and the base po in t independent v a r ia b le  vector m u lt ip lie d  times 
each corresponding d e r iv a tiv e  c o e f f ic ie n t .  A FORTRAN program was w r i t ­
ten to use the base po in t values and the d e r iv a tiv e  values to c a lc u la te  
the r ig h t  hand side constants. This program, C0NST2, is  lis te d  in Ap­
pendix I .  The numerical values o f the various p a r t ia l  d e r iv a tiv e  and 
f in i t e  d iffe re n c e  vectors are lis te d  in Appendix J . The remaining con­
s tra in ts  shown are capacity  c o n stra in ts  and bounds on the independent 
v a ria b le s . In summary th ere  are 7 e q u a lity  c o n stra in ts  and 14 inequal­
i t y  c o n stra in ts  in the LP form at shown in Figure 4 -1 .
The c o n s tra in t equations in terms of the dependent and independent
varia b le s  are lin e a r  equations and are used w ith  the o b je c tiv e  function  
to form ulate the o p tim iza tio n  problem (F ig u re  4 -1 ) which can be solved 
w ith  the non linear programming algorithm s. The approach used is  out­
lin ed  below.
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1. Obtain a base point s im ulation .
2. Perturb the base po in t model to obtain d e r iv a tiv e  approximations 
from fu l ly  converged models.
3. Formulate the optim iza tio n  problem using the o b je c tiv e  function  and 
the Taylor series co n s tra in t equations derived from the d e r iv a tiv e  
approxim ations.
4. Execute the desired NLP algorithm  on the op tim iza tio n  problem formu­
la te d  in step 3 (successive lin e a r  programming, successive quadratic  
programming, genera lized  reduced grad ien t methods).
5. Evaluate the new po in t prescribed in step 4. Execute a lin e  search
as prescribed by the NLP technique used.
6 . Form a new base po in t a t  the best po in t from step 5. Return to step 
2 .
7. When a b e tte r  po in t cannot be found, i . e .  upon s a tis fa c tio n  o f con­
vergence c r i t e r ia ,  stop.
In  Table 4-1 the values fo r  the independent v ariab les  and the p lan t 
p r o f i t  are presented fo r  the SLP search employed to optim ize the flo w - 
sheeting problem as form ulated in Figure 4 -1 . Table 4-2 l is t s  the simu­
la t io n  re s u lts  fo r  the econom ically im portant dependent v a r ia b le s , y i , 
associated w ith  the independent v a r ia b le s .
R eferrin g  to  Table 4 -1 , the converged base case model was the s ta r t ­
ing p o in t, and d e r iv a tiv e  evaluations were made. These values were then 
entered in to  the CONST program to  obtain the r ig h t  hand constants fo r  
the o p tim iza tio n  problem. Next these values together w ith  the v a r ia b le  
bounds, run parameters and other re q u is ite  data were entered in to  the
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Table 4 -1 . Search Steps fo r  the Acid P lan t O ptim ization  
Using SLP
Step
I.D .
A ir  Feedrate  
( lb m o l/h r)
X1
B o ile r  1 
O ut(F)
x2
Bed 1 
I  n ( F)
X3
Bed 2 
In (F )
x4
Bed 3 
In (F )
x5
Bed 4 
In (F )
x6
Return
(S /h r )
Base 20,000 800 800 810 850 840 766.42
S ll 19,000 800 810 820 840 815 852.94
S12 18,000 800 820 830 830 805 919.73
Base2 18,000 800 820 830 830 805 919.73
S21 17,000 800 830 840 820 795 979.06
S22 16,000 800 840 850 810 785 1035.53
S23 16,000 800 850 860 800 780 1061.04
Base3 16,000 800 850 860 800 780 1061.04
S31 16,000 800 860 860 790 780 1065.79
*S32 16,000 800 860 860 780 780 1069.78
#S33 16,000 800 870 870 770 770 1058.83
#S34 16,000 800 880 880 760 760 1129.71
* Optimum.
# Note th a t these points represent in fe a s ib le  solu tions in th a t 
upper and lower l im its  on the independent v ariab les  have been 
v io la te d .
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Table 4 -2 . Product Results fo r  the Acid P lan t O ptim ization
High Hi gh Low
Step Acid Pressure Pressure Pressure D ilu tio n Cooli ng
I.D . Product Steam Steam Steam Water Water
( lb /h r ) ( Ib m o l/h r) Temp(F) ( lb m o l/h r)  ( lb m o l/h r)  (g a l /h r )
y l y 2 y 3 y 6 y 7
Base 147,011 3,920 630 5,967 1,471 524,900
S ll 147,407 6,145 644 3,807 1,478 493,800
S12 147,478 6,891 691 3,076 1,487 463,400
Base2 147,478 6,891 691 3,076 1,487 463,400
S21 147,562 7,421 742 2,560 1,495 435,500
S22 147,636 7,830 774 2,166 1,501 409,300
S23 147,724 7,824 808 1,997 1,503 407,400
Base3 147,724 7,824 808 1,997 1,503 407,400
S31 147,724 7,816 815 1,964 1,503 407,400
*S32 147,885 7,816 816 1,959 1,502 407,200
#S33 147,858 7,786 860 1,785 1,505 404,500
#S34 148,035 7,733 902 1,642 1,506 401,800
* Optimum
# Note th a t these points represent in fe a s ib le  solu tions in th a t  
upper and lower l im its  on the independent v a ria b le s  have been 
v io la te d .
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MINOS MPS f i l e  and a new search po in t was computed. This p o in t, SI 1, 
had an improved re tu rn  and was fe a s ib le .
The s te p -s ize  in SLP is  very im portant to the e f f ic ie n c y  of the tech­
nique. Finding a reasonable and useful s te p -s ize  fo r  a given problem is  
o ften  d i f f i c u l t  and may a f fe c t  not only the e f f ic ie n c y  but the success 
o f the technique. This f i r s t  step, S l l ,  was approxim ately the same mag­
nitude as the f in i t e  d iffe re n c e  step. To f in d  and u t i l i z e  a more e f f i ­
c ie n t and reasonable s te p -s ize  the MINOS code was rerun a t the same base 
po in t but w ith  extended upper and lower lim its  fo r  the independent v a r i­
ab les. A new s im ulation p o in t, S12, was computed. This new po in t gen­
erated an even b e tte r  re tu rn , and was estab lished  as a new base p o in t, 
Base2. The t ra d it io n a l SLP method moves from base po in t to base po in t 
w ithout any searching between base p o in ts . Our ap p lic a tio n  used the LP 
w ith  extended lim its  to fin d  an e f f ic ie n t  s te p -s ize  between base po in ts . 
The process was repeated re s u ltin g  in points S21, S22 and S23. A new 
base po in t was estab lished  a t S23, i . e .  Base3. The procedure was re ­
peated g iv ing  points S31 and S32 and term inated when the upper or lower 
l im its  fo r  the independent v a ria b le s  were encountered.
Table 4-1 shows th a t only f iv e  o f the independent v a ria b le s  have a 
bearing on the outcome o f the s im u la tio n . The a i r  feed f lo w ra te , x ^  
a ffe c ts  the p la n t performance in several ways. The blower steam com- 
sumption is  d ir e c t ly  re la te d  to  the a i r  feed flo w ra te . For higher a ir  
flo w ra tes  more high pressure steam is  consumed by the blower thereby de­
creasing high pressure steam product and increasing low pressure steam 
product. Because the high pressure steam brings a higher p r ic e , the re ­
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s u it  of higher a i r  flo w ra tes  is  lower p r o f its  from steam production. 
Secondly, the steam production by B o ile r  No. 1 increases w ith  a lower 
a i r  feed ra te  because the cold a i r  bypass is  lower. However, the energy 
a v a ila b le  fo r  steam production is  fix e d  fo r  any given conversion. The 
a i r  flo w ra te  a ffe c ts  the feed a i r  to s u lfu r  r a t io .  For the base case 
a i r  feedrate  of 20,000 lbm o l/h r the r a t io  is  1 1 .9 7 :1 . I f  the feedrate  
is  lowered to 16,000 lbm ol/h r then the r a t io  is  9 .5 8 :1 . There is  a 
98.64% conversion fo r  the 20,000 lbm o l/h r feed ra te  and 98.16% conversion 
fo r  the 16,000 lbm ol/h r feed ra te  using the base case s p e c if ic a tio n s .  
Thus the conversion is  higher fo r  a h igher a i r  f lo w ra te . However, re ­
s u lts  show th a t a lower a i r  feed ra te  is  optimum.
The in le t  temperature to the No. 1 bed, x^, a ffe c ts  the conversion in  
a l l  beds p a r t ic u la r ly  in Bed No. 1. Steam production in B o ile r  No. 2 is  
d ir e c t ly  re la te d  to conversion in Bed No. 1 and is  a ffe c te d  since x3 
sets the temperature drop across the b o ile r .  The value of x^ a ffe c ts  
conversions and steam production from a l l  subsequent beds. I f  the bed 
in le t  temperature fo r  Bed No. 1 is  increased, the steam production from 
B o ile r  No. 1 is  decreased since more energy must be l e f t  in the process 
gas stream to meet the h igher tem perature s p e c if ic a tio n . Secondly, the 
higher bed temperature generates lower conversion in Bed No. 1. The re ­
s u lt  of a higher Bed No. 1 in le t  tem perature is  less conversion and less  
extrac ted  energy up to th a t p o in t in the process.
B o ile r  No. 2 e x it  tem perature, x^, is  the Bed No. 2 in le t  tem perature  
and i t  a ffe c ts  the remainder o f the process. S im ila r  to x^ higher v a l­
ues fo r  x^ reduce steam production in B o ile r  No. 2 due to a lower tem­
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perature drop across the b o ile r .  Conversion in Bed No. 2 is  also  
a ffe c te d . Again the net e f fe c t  of increasing values o f x^ is  to reduce 
the amount of extrac ted  energy as compared w ith  the base case.
V ariab les  x^ and x^ are the in le t  temperatures fo r  beds No. 3 and 
No. 4 re s p e c tiv e ly , and they a f fe c t  the process in the same way. These 
are f in is h in g  beds w ith  large  bed volumes and high conversion c a ta ly s t ,  
and lower in le t  temperatures favor maximizing the conversion in these 
two beds. A lso, these two tem peratures determine the superheater o u tle t  
tem peratures. Lowering these temneratures increases the superheater 
production by increasing the temperature drop across these exchangers.
V ariab le  x^, B o ile r  No. 1 o u tle t tem perature, was held constant be­
cause i t  d id  not a f fe c t  the economic model when i t  was perturbed, i . e .  
the a^j fo r  th is  v a ria b le  was zero. The hot gas bypass loop around the 
b o ile r  th a t was used to set the f i r s t  bed in le t  tem perature, x^, main­
ta in ed  an e s s e n tia lly  constant steam production from B o ile r  No. 1 be­
cause changes in the b o ile r  o u tle t  tem perature were o ffs e t  by changes in  
the gas flo w ra te  through the b o ile r  in order to meet the bed in le t  tem­
perature  se tp o in t. As a re s u lt  changes in v a r ia b le  x^ did  not a l te r  the 
economic model.
The movement o f the independent va ria b le s  in the d ire c tio n s  described  
above has several economic b e n e fits  fo r  the process. Table 4-2 in d i­
cates th a t moving from the base s im ulation to the pro jected  optimum at  
S32, improvements over the base case are observed in the amount o f acid  
produced and in the amount and enthalpy content o f the high pressure
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steam. The acid production increased by 874 lb /h r  and the high pressure 
steam production doubled going from 3,920 to  7,816 lb m o l/h r. The amount 
of low pressure steam decreased from 5,967 to  1,959 lbm ol/h r in  favor of 
high pressure steam production. The d ilu t io n  water requirements in ­
creased s l ig h t ly ,  less than 3?o, in accordance w ith  increased conversion. 
And the o v e ra ll cooling water requirements decreased by 117,700 g a l/h r  
in d ic a tin g  the recovery o f more energy as steam and less loss as waste 
heat. Of the f iv e  econom ically s ig n if ic a n t  dependent v a ria b le s  a l l  but 
the low pressure steam and the d ilu t io n  w ater move in a more p ro f ita b le  
d ire c t io n . The low pressure steam drops in favor of the more p ro f ita b le  
high pressure steam, and the increased d ilu t io n  water costs are d ir e c t ly  
re la te d  to g re a te r acid production.
The re s u lt  of the o p tim iza tio n  is  to spread the conversion out over 
the four beds instead o f being predom inantly in the f i r s t  two beds as in
the base case. This generates more energy towards the end o f the reac­
to r  chain leading to more superheated steam. Thus, the e x tra c tio n  of 
the process energy is  s h ifte d  as compared w ith  the base case. The high 
pressure steam has a scaled re turn  adjusted due fo r  the degree o f super­
h ea t, and the higher the degree of superheat the less the to ta l  amount 
of steam requ ired  by the tu rb in e . This favors the maximum production of
superheated steam at the highest possible degree o f superheat.
According to  the Freeport Chemical Company's engineers, the movement 
o f the independent v a ria b le s  in the fashion described above is  w ell 
w ith in  the range of experience observed a t the Freeport p la n t. Although 
the p la n t personnel have not observed the exact re s u lts  reported here,
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th is  is  in p art due to the fa c t th a t the p la n t is  run under s t r ic t ly  
s p ec ified  conditions to m aintain consisten t operation and production. 
Nonetheless, these re s u lts  are r e a l is t ic ,  and they are w ith in  the expe­
rience and expectations o f the p la n t 's  engineers.
The re s u lts  presented above suggest th a t the acid p lan t model is  po- 
s ib ly  unimodal and/or l in e a r .  The grad ien t was evaluated a t four
p o in ts , Base, Base2, Base3 and S32, and i t  pointed to the same optimum 
in each case. To in v e s tig a te  the degree of n o n lin e a rity  in the process, 
comparisons were made between l in e a r  ex tra p o la tio n s  from the base case 
and sim ulations a t the e x tra p o la tio n  p o in ts . Table 4 -3  l is t s  new simu­
la tio n  points th a t are p red icted  by the MINOS LP s ta r t in g  at the base
point and increasing the v a r ia b le  l im its .  For the f i r s t  s te p -s ize  the 
temperature ranges were lim ite d  to ±10°F and the a i r  flo w ra te  was l im i t ­
ed to ±1000 lb m o l/h r. Subsequent s tep -s izes  employed an ad d itio n a l
±10°F and ±1000 lbm ol/h r fo r  the respective  v a r ia b le s . The MINOS LP 
computed points are labeled  M l, M2, and M3. Table 4 -4  is  a comparison 
of re s u lts  obtained from s im ulation runs at these th ree  points using the 
x ^ s  a t M l, M2, M3 pred icted  by the MINOS LP fo r  the econom ically s ig ­
n if ic a n t  v a r ia b le s . The s im ulation re s u lts  a t points M l, M2 and M3 are 
labeled A l, A2 and A3. For a s t r ic t ly  lin e a r  process the values of the 
y . 's  a t these points should be equal, i . e .  Ml = A l, M2 = A2 and M3 = A3, 
fo r  the econom ically s ig n if ic a n t  dependent v a r ia b le s .
The re s u lts  l is te d  in Table 4 -4  are an in d ic a tio n  o f the n o n lin e a rity  
of the acid p lan t s im ulation model. The data in the ta b le  give the ac­
tu a l s im ulation re s u lts  a t new points compared to the re s u lts  p red icted
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Table 4 -3 . Search Points Predicted by MINOS LP S ta rtin g  from Base Point 
Ai r
Search Temp Flowrate A ir
P oint Range Range Flowrate B o ile r  1 Bed 1 Bed 2 Bed 3 Bed 4
(F ) (lb m o l/h r )  ( lb m o l/h r)  Out(F) In (F ) In (F )  In (F ) In (F )
X1 x2 x3 x4 x5 x6
Base _ _ 20000 800 800 810 850 840
Ml 10 1000 19000 800 810 820 840 815
M2 20 2000 18000 800 820 830 830 805
M3 30 3000 17000 800 830 822 820 795
Search 
Poi nt
Table 4-
Acid
Product
( lb /h r )
y l
-4 . Product P red ictions from the A pp lica tio n  of 
the MINOS LP to the Base Point
High Low
Pressure Pressure D ilu tio n  Cooling 
Steam Steam Water Water 
(lb m o l/h r )  ( lb m o l/h r)  ( lb m o l/h r)  (g a l /h r )
y 2 y 3 y 6 y7
Return
(S /h r )
Base 147,011 3,920 5,967 1,471 524,900 766.42
Ml 147,546 6,727 3,255 1,481 493,024 867.65
Al 147,257 6,145 3,807 1,478 493,800 852.94
% E rror +0.20 +9.47 -1 4 .5 0 +0.20 -0 .1 6 +1.72
M2 148,081 9,534 543 1,491 461,150 968.85
A2 147,478 6,891 3,076 1,487 463,400 919.73
% E rror +0.41 +38.35 -8 2 .3 5 +0.27 -0 .4 9 +5.34
M3 148,623 10,373 0 1,502 429,051 1,017 .38
A3 147,646 7,373 2,783 1,494 432,600 960.76
% E rror +0.66 +40.69 -100 .00 +0.54 -0 .8 2 +5.89
The % E rror reports  the re la t iv e  e rro r  between the MINOS LP p red ic tio n  
and the actual search step s im ulations.
Points A l, A2 and A3 represent the sim ulations about points M l, M2 
and M3.
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by the lin e a r  model w ith  the LP. This ta b le  in d ica tes  the lo catio n  and 
the degree of n o n lin e a rity  in the process model. As has been described  
e a r l ie r ,  the steam q u a n titie s  are the most s e n s itiv e  and as shown in 
Table 4 -4  they are also the most non linear as evidenced by having the  
la rg e s t d e v ia tio n  between the lin e a r  p re d ic tio n s  and the actual simu­
la t io n s . The d iffe re n c e s  between the lin e a r  p red ic tio n s  and the simu­
la t io n  p re d ic tio n s  fo r  high pressure steam production are 9.47%, 38.4% 
and 40.7% fo r  the th ree points eva luated . For the low pressure steam 
these d iffe re n c e s  are 14.5%, 82.4% and 100.0%. Acid production, d i ­
lu tio n  w ater, and cooling water are less s e n s itiv e  parameters as e v i­
denced by the re s u lts  in the ta b le . The minimum acid production  
c o n s tra in t is  >97%. Therefore fo r  fe a s ib le  sim ulation re s u lts  the range 
fo r  the acid production or the re la te d  d ilu t io n  and cooling water quan­
t i t i e s  w i l l  not vary very much. In p a r t , th is  explains why these v a r i­
ables have d iffe re n c e s  o f <6.0%, and th e re fo re  they give a more lin e a r  
v a r ia tio n  than the steam v a ria b le s .
The percent r e la t iv e  e rro r  between the sim ulation re s u lts  and the LP 
pred ic ted  re s u lts  grows la rg e r in magnitude fo r  each and every one of 
the categories  as the evalu atio n  po ints get fu r th e r  from the base about 
which the lin e a r iz a t io n  was made. The lack  o f agreement between the l i ­
near p re d ic tio n s  and the s im ulation re s u lts  grows as the ranges are in ­
creased and the lin e a r  v a l id i ty  o f the model d im in ishes. Thus, we can 
conclude th a t the process model is  not l in e a r .  A lso, although the eco­
nomic model is  a lin e a r  function  o f the econom ically im portant dependent 
v a r ia b le s , i t  is  n on linear in i t s . ’F e la tfo n s h ip  to  the independent v a r i ­
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ables and the process model. The economic model appears to be unimodal 
and th is  accounts fo r  the o p tim iza tio n  re s u lts  reported e a r l ie r .
In summary, the optimum of the economic model as developed in Chapter 
I I I  is  po in t S32 fo r  which a l l  the independent va ria b le s  l i e  a t e ith e r  
th e ir  upper or lower l im i t .  S ta rtin g  from the base p o in t, the succes­
sive lin e a r  programming search moves d ir e c t ly  to the optimum in a mono­
to n ic  fash ion . The increase o f the high pressure steam follow ed by 
enhanced conversion of s u lfu r  to acid product are the two key changes 
th a t increased the p r o f i t .  Although the search moves d ir e c t ly  to the 
optimum, the model is  not l in e a r .  The model e x h ib its  unimodal behavior.
B-2 Successive Q uadratic Programming and Generalized Reduced G radient 
O ptim ization  of the S u lfu r ic  Acid P lan t
Section B -l presented d e ta ils  o f the a p p lic a tio n  o f SLP to the acid  
p lan t sim ulation model. In th is  section d e ta i ls  are presented fo r  the 
a p p lic a tio n  of a m odified SLP, a SQP and the MINOS GRG algorithm s to the 
acid p la n t model.
The presentation  of the methodology and d e ta ils  fo r  the SLP, SQP and 
GRG algorithm s th a t was given in Chapter I  revealed th a t the SLP a lgo­
rithm  does not include a l in e  search whereas both the SQP and the GRG 
algorithm s do. The SQP l in e  search is  performed along the so lu tion  vec­
to r  6 th a t stre tches from any given base po in t to the optimum fo r  the 
quadratic  problem form ulated about th a t base po in t (see equation 1 -1 4 ). 
The GRG lin e  search is  performed along the reduced grad ien t l in e .  The
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t ra d it io n a l SLP a lgorithm  form ulates a l in e a r  programming problem about 
a given base p o in t, solves the problem and then moves to th a t so lution  
as the new base po in t i f  i t  is  fe a s ib le . There is  no provision fo r  a 
l in e  search because the step size  is  reduced and the problem is  resolved  
i f  an in fe a s ib le  point is  obtained.
The re s u lts  presented in th is  section u t i l i z e  a m odified SLP algo­
rithm  in which a vector l in e  search between two base points s im ila r  to 
th a t of SQP is  used. This vector is  analogous to the 6 vector of SQP 
and is  the d ire c tio n  vector from a base po in t to the SLP so lu tion  point 
from the base p o in t.
The approach o u tlin e d  above uses the d e r iv a tiv e  in form ation not only 
in  forming an approximation to the process model, but also as a search 
d ire c t io n . As the ranges are i t e r a t iv e ly  increased the v a l id i ty  of the 
l in e a r  model d im inishes. However, as long as b e tte r  points are obtained  
from the economic model, the leg itim acy  of moving in the estab lished  
search d ire c tio n  is  m aintained. I t  is  im portant to note th a t th is  algo­
rithm  d if fe r s  from the ususal SLP method. Instead o f moving from base 
po in t to base p o in t, th is  method performs several search steps between 
base points in the d ire c tio n  of steepest ascent. In  th is  way p o te n t ia l­
ly  f r u i t f u l  areas can be searched w ithout in cu rrin g  the computational 
overhead associated w ith  the form ation of a new base p o in t.
Table 4 -5  l is t s  the o p tim iza tio n  re s u lts  fo r  the a p p lic a tio n  o f the 
o r ig in a l SLP a lgorithm  described in Chapter I I ,  our SLP a lgorithm  w ith  
the vector l in e  search, the SQP a lg o rith m , and the MINOS GRG to the acid
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p lan t model. A ll o f the methods s ta rted  at the same base po in t and a r ­
r ived  at the same optimum as given in Table 4-2 although they followed
d if fe r e n t  t r a je c to r ie s . The re s u lts  given in Table 4-5 show the to ta l  
number of sim ulations and base points in add itio n  to the average cpu 
tim e required fo r  the o p tim iza tio n  procedure using each o f these a lgo­
rithm s. The re s u lts  o f Table 4-5 in d ic a te  th a t SLP and MINOS GRG re ­
quired th ree  base points and about tw ice the cpu time as compared to the
other methods which required one base p o in t. The MINOS GRG algorithm  
when applied  to a lin e a r  o b je c tiv e  function subject to l in e a r  con­
s tra in ts  is  the simplex algorithm  of l in e a r  programming. Therefore the 
successive ap p lic a tio n  of the MINOS GRG a lgorithm  to th is  problem is  
eq u iva len t to using the SLP algorithm . The observed d iffe re n c e  between 
the performances of the tr a d it io n a l SLP and the SLP w ith  the vector 
search is  a t t r ib u ta b le  to the fa c t  th a t th is  problem is  unimodal and 
th e re fo re  the ap p lic a tio n  of a l in e  search in the a lgorithm  g re a tly  en- 
haces the e f f ic ie n c y  o f the technique. The SQP method norm ally includes  
a lin e  search which accounts fo r  i t s  b e tte r  performance r e la t iv e  to the 
t ra d it io n a l SLP and eq u iva len t performance r e la t iv e  to SLP and MINOS GRG 
w ith  vector search.
The im portant conclusion th a t emerges from th is  part o f the study is  
th a t the acid p lan t model has a mathematical form th a t re s u lts  in the 
same op tim iza tio n  e f f ic ie n c y  fo r  a l l  techniques th a t include a lin e  
search. A lgorithm s th a t requ ire  the form ation of new base points w ith ­
out the advantage o f a l in e  search such as tra d it io n a l SLP w i l l  have a 
poorer performance due to the tim e and e f fo r t  associated w ith  the forma-
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Table 4 -5 . Comparison of SLP, SQP and GRG O ptim ization  
of the S u lfu r ic  Acid P lant
T otal Number of ^Average CPU
Algorithm  Sim ulations Base Points Time (m in .)
SLP 26 3 23.83
SLP-
Vector Search
14 1 12.83
SQP 14 1 12.83
MINOS GRG 26 3 23.83
MINOS GRG- 
Vector Search
14 1 12.83
* Based on the average time fo r  one sim ulation .
Note, a l l  searches were s ta rted  at the same base p o in t, 
and they term inated a t the same optimum p o in t; see Table 4 -2 .
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tio n  of the new base points which are not r e a lly  necessary or advanta­
geous fo r  the op tim iza tio n  o f th is  problem.
B-3 The High Pressure Steam Model
The o p tim iza tio n  associated w ith  the acid p la n t model turned out to  
be stra ig h tfo rw ard  due to  the nature of the model. The fa c t th a t the 
optimum lie s  on the v a ria b le  boundaries makes th is  problem poorly suited  
fo r  eva luating  the optim iza tio n  algorithm s and ranking th e ir  perform­
ances fo r  flow sheeting problems. I t  is  im portant to recognize th a t the 
acid p lan t model used here is  a precise d e s crip tio n  o f the process. I t  
is  based upon the best in form ation and understanding th a t Freeport can 
provide. The model is  not a r t i f i c i a l l y  or in te n t io n a lly  co n triv e d , and 
the op tim iza tio n  re s u lts  are reasonable and can be implemented in the 
p la n t.
The question n a tu ra lly  arises  as to how w ell would these approaches 
work i f  the o p tim iza tio n  problem was more demanding; fo r  example, i f  the 
optimum lay somewhere w ith in  the v a r ia b le  boundaries. I t  is  easy to a r­
t i f i c i a l l y  a l te r  the p la n t model and thereby the requirements o f the op­
tim iz a tio n  procedure to form ulate a model th a t is  more challen g in g , i . e .  
nonlin ear. This can be done by a lte r in g  the treatm ent given to the high 
pressure steam.
I f  the high pressure steam is  sold fo r  a fix e d  p rice  instead o f a 
price  scaled on energy content, the expectation would be th a t the o p t i­
mum should be one th a t maximized the amount of 630°F steam and minimized
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any fu r th e r  superheating. For example, 700°F superheated steam would 
bring the same p rice  as 630°F superheated steam, and any ad d itio n a l su­
perheating would consume energy and would thereby reduce the p r o f i t .  
Consequently, ra th e r than scaling the p rice  according to  enthalpy con­
te n t o f S0.03B9/lbmol + S I . 22x10 ^/BTU as in the f i r s t  model, but se t­
tin g  one p rice  fo r  the superheated steam a t S0.0389/lbm ol , the e n tire  
complection of the problem is  changed. The o r ig in a l model was a lte re d  
in th is  way, and a second o p tim iza tio n  was performed. This economic 
model is  re fe rre d  to as the high pressure steam model or model no. 2.
In order to p roperly form ulate the c o n s tra in ts , a value fo r  the maxi­
mum l im i t  on the to ta l steam production is  needed. This can be e s t i ­
mated using average stream heat cap a c itie s  obtained from the ChemShare 
output and knowing the enthalpy co n trib u tio n  from the conversion o f su l­
fu r  to s u lfu r ic  ac id . A simple energy balance p red ic ts  the maximum a t ­
ta in a b le  high pressure steam product flo w ra te  fo r  any s p ec ified  
conversion. I f  an a ir  feed ra te  of 20,000 lbm ol/h r is  used then the max­
imum expected to ta l 630°F steam product is  8,539 lb m o l/h r. I f  the a ir  
feed flo w ra te  is  dropped to 16,000 lbm ol/hr a maximum 10,837 lbm ol/h r is  
possib le . These numbers represent the to ta l conversion of excess en­
tha lpy  a t base leve l conversion in to  product steam and, although approx­
imate in nature , they are reasonable in d ic a to rs  fo r  the range of high 
pressure steam production.
Table 4-6 gives the tra je c to ry  of the m odified SLP a lgorithm  with the 
vector search as o u tlin ed  above fo r  the high pressure steam economic 
model. Table 4 -7  presents the re s u lts  fo r  the econom ically im portant
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Table 4 -6 . Search Steps fo r  O ptim ization  o f the High 
Pressure Steam Model, Model No. 2
Step
I .D .
A ir  Feedrate 
(lb m o l/h r)
X1
B o ile r  1 
O ut(F)
x2
Bed 1 
I n ( F)
x3
Bed 2 
I  n ( F)
x4
Bed 3 
I n ( F)
x5
Bed 4 
I  n ( F)
X6
Return
(S /h r )
Base 20000 800 800 810 850 840 766.42
Basel 16000 800 800 810 850 840 901.13
S ll 16000 800 790 800 860 815 911.09
S12 16000 800 780 790 860 805 893.49
Base2 16000 800 790 800 860 815 911.09
S21 16000 800 790 790 850 805 914.21
S22 16000 800 790 780 840 795 924.06
S23 16000 800 790 780 830 785 924.70
S24 16000 800 790 780 820 780 (9 2 4 .8 1 )
S40 16000 800 790 780 840 785 940.28
Base3 16000 800 790 780 840 785 940.28
S31 16000 800 785 780 820 790 926.29
S32 16000 800 780 780 815 795 913.66
Base4 16000 800 785 780 820 790 926.29
S41 16000 800 780 780 830 780 (9 2 7 .5 2 )
S42 16000 800 780 780 840 785 928.05
Base5 16000 800 780 780 840 785 928.05
*S51 16000 800 780 780 830 785 928.32
Base6 16000 800 780 780 830 785 928.32
S61 16000 800 780 780 840 780 926.83
( ) ChemShare sim ulation did not converge. 
* Optimum.
Reproduced w ith perm ission o f the copyright owner. Further reproduction prohib ited w ithout permission.
218
Table 4-7. Product Results for the High Pressure Steam Model
Hi gh High Low
Step Acid Pressure Pressure Pressure D ilu tio n Cooli ng
I . D. Product Steam Steam Steam Water Water
( lb /h r ) ( lb m o l/h r) Temp(F) (lb m o l/h r) ( lb m o l/h r) (g a l /h r )
y l y2 y 3 y 6 y7
Base 147,011 3,920 630 5,967 1,477 524,900
Basel 146,688 7,380 634 3,385 1,492 419,000
S ll 147,208 7,268 630 3,568 1,495 416,500
S12 147,161 6,615 630 4,310 1,496 415,000
Base2 147,208 7,268 630 3,568 1,495 416,500
S21 147,158 7,370 630 3,493 1,496 413,900
S22 147,421 7,497 630 3,391 1,499 411,200
S23 147,598 7,452 641 3,385 1,501 409,100
S24 147,772 7,403 651 3,385 1,502 407,200
S25 147,691 7,433 645 3,385 1,501 408,500
Base3 147,691 7,433 645 3,385 1,501 408,500
S31 147,565 7,484 636 3,385 1,501 409,500
S32 147,475 7,074 632 3,814 1,500 410,800
Base4 147,565 7,484 636 3,385 1,501 409,500
S41 147,711 7,459 642 3,385 1,501 405,500
S42 147,699 7,470 640 3,385 1,501 405,900
Base5 147,699 7,470 640 3,385 1,501 405,900
*S51 147,646 7,489 635 3,385 1,501 406,700
Base6 147,646 7,489 635 3,385 1,501 406,700
S61 147,744 7,439 646 3,385 1,503 404,500
* Optimum
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dependent va ria b le s  corresponding to the independent varia b le s  l is te d  in 
Table 4 -6 . For these re s u lts  the high pressure steam was only consid­
ered as 630 F steam such th a t tu rb in e  usage was based on a 630°F super­
heated steam in le t  tem perature. Consequently, there was no advantage to  
generating superheated steam above 630°F e ith e r  from an economic or a 
tu rb in e  usage basis.
The advantages of using lower a i r  flo w ra tes  were explained in the 
analys is  of the re s u lts  given in Table 4 -1 . As shown in Table 4-6 the 
base po in t vector w ith  a lower a i r  feed ra te  provided a b e tte r  re turn  
than the o r ig in a l base and was a b e tte r  s ta rt in g  p o in t. T herefore , the 
o r ig in a l base po in t was replaced w ith  Basel. A d e r iv a tiv e  evaluation  
about Basel generated the search d ire c tio n s  fo r  the independent v a r i ­
ab les. The temperature steps g e n e ra lly  u t i l iz e d  a 10°F move. In the 
v ic in i ty  of the optimum a 5°F step was employed. In the event a d e riv a ­
t iv e  pointed beyond a v a r ia b le  boundary, the v a r ia b le  was m aintained at 
i t s  upper or lower l im i t .  Thus in moving from Basel to  S l l  v a r ia b le  x^ 
remained unchanged a t i t s  lower l im i t ,  x^ remained unchanged due to a 
zero d e r iv a t iv e , x^, x^, x^ were a l l  reduced 10°F, and x^ was increased  
10 °F to i t s  upper l im i t .  The same p a tte rn  was continued in moving to  
S12 from S l l .
The search depicted in Table 4-6 e n ta ile d  f iv e  d e r iv a tiv e  approxi­
mations a t the f iv e  new base points and twelve search steps. Steps from 
Base2 to Base3 maintained x^ a t 790°F because the s im ulation did not 
converge fo r  the d e r iv a tiv e  approxim ation a t x3 = 800°F. A ll elements
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of the d e r iv a tiv e  evaluations a t Base3 converged. The optimum was found 
a t po in t S51.
The re s u lts  o f Table 4-7 are presented as evidence th a t po in t S51 is  
the optimum or is  very close to i t .  The to ta l high steam production be­
fo re  tu rb in e  usage a t S51 is  10,874 lb m o l/h r. Note th a t th is  number is  
the sum o f the high and low steam values l is te d  in the ta b le , i . e .  a l l  
low pressure steam comes from the tu rb in e  exhaust fo r  th is  s im ulation . 
As c a lcu la ted  e a r l ie r ,  th is  is  about the maximum to ta l high steam pro­
duction possible from the process. The temperature of the superheated 
steam as ind icated  in Table 4-6 is 635°F. This is  close to the o r ig in a l 
s p e c if ic a tio n , 630°F. Thus th is  model favors m aintaining the super­
heated steam temperature near the 630°F s p e c if ic a tio n  ra th e r than favo r­
ing h igher superheated steam temperatures as found fo r  the f i r s t  model. 
The acid production l is te d  in the ta b le  ranges from 146,688 to 147,772 
lb /h r .  The acid production fo r  the proposed optimum a t S51 is  147,646 
lb /h r  which l ie s  a t the upper end o f the range but is  not the highest 
observed production. This q u an tity  represents 99.04?o conversion. The 
cooling water usage a t S51 is  low, 405,700 g a l/h r ,  compared to the other 
search points l is te d ,  the range being 524,900 to 404,500 g a l/h r .  The 
s ig n ific a n c e  of low cooling water use is  th a t more reaction  energy is  
being recovered from the process as steam product ra th e r than being lo s t  
as waste heat.
These re s u lts  r e ite r a te  a c la s s ic  observation in o p tim iza tio n . A l­
though the s ig n if ic a n t  v a r ia b le  values a t po in t S51 were not the best 
fo r  each o f the in d iv id u a l c a teg o ries , in each case the values of these
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va ria b le s  a t th is  optimum point are among the b e tte r  values; and o vera ll 
S51 is  the most p ro f ita b le .  The in d iv id u a l re s u lts  fo r  po in t S51 are 
not the best observed in the search. Points S24, S25, S41, and S42 a l l  
e x h ib it  h igher conversions. Points S41, S42, and S61 used less cooling  
w ater. However, po in t S51 is  the most p ro f ita b le  o v e ra ll.
B-4 The V ariab le  Superheated Steam Model
One obvious perm utation to the o r ig in a l problem remains to be consid­
ered. The high pressure steam model uses only 630°F superheated steam 
as the d riv in g  fo rce fo r  the tu rb in e . There fo re , fo r  a given a i r  feed 
flo w ra te  there  is a fix e d  steam consumption. However, i f  the tu rb ine  
were allowed to u t i l i z e  any degree o f superheat g re a te r than or equal to 
630 F then ye t a d if fe r e n t  model ensues. The o r ig in a l model favored  
generating the highest possible amount and degree o f superheat, the op­
timum being 816 F. The second model favored m aintain ing the superheat 
close to the 630°F s p e c if ic a tio n . This th ird  model combines these two 
opposing d riv e s . Higher degrees o f superheat w i l l  reduce high pressure 
steam consumption in the tu rb in e . Superheated steam a t 630°F w i l l  maxi­
mize the amount and th e re fo re  the re turn  from the superheated steam pro­
d uct. As a r e s u lt ,  the expected optimum should e x h ib it  high conversion 
and superheated steam production w ith  the tem perature being somewhere 
above the 630°F s p e c if ic a tio n . Consequently, the optimum should l i e  a t 
the po in t where a balance is  s truck between the decreasing use of high 
pressure steam by the tu rb in e  and the reduced o v e ra ll steam production  
as the degree o f superheat increases. These changes were brought about 
com putationally  by s e ttin g  one p ric e  fo r  the superheated steam at
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SO.0389 /1bmol w h ile  c a lc u la tin g  the superheated steam enthalpy and using 
th a t steam in the c a lc u la tio n  fo r  steam tu rb in e  consumption as was ex­
p lained  in Chapter I I I .
Tables 4 -8  and 4-9 l i s t  the re s u lts  o f the optimum search fo r  model 
No. 3, the v a r ia b le  superheated steam model. This search was performed 
in the same manner, s ta r t in g  from the same po in t as the search performed 
on the high pressure steam model, model No. 2. In  moving to  the o p t i­
mum, th ree new base points were estab lished  and e ig h t search step simu­
la tio n s  were performed. Table 4 -8  in d ica tes  th a t a t the optimum the 
acid production is  the highest o f those in the e n t ire  search, co rre ­
sponding to a conversion of 99.12%. The high pressure steam production 
is  the second h ighest. The low pressure steam is  the fo u rth  lowest. 
Notice th a t the to ta l  steam production is  10,759 lbm ol/hr compared to  
10,874 lbm ol/h r observed a t the optimum fo r  the high pressure steam 
model, model No. 2. Associated w ith  th is  lower steam production is  the 
higher superheat tem perature, 656°F, observed fo r  the v a r ia b le  steam 
model, model No. 3, compared to  th a t observed fo r  model No. 2 , 635°F. 
These observations are in accordance w ith  expectations. The d if fe r e n t  
high steam p r o f i t  value o f model No. 3 favors the optimum superheat tem­
perature somewhere between those favored by model No. 2 and the o r ig in a l 
problem.
Table 4-10 compares the search re s u lts  fo r  the th ree d i f fe r e n t  mod­
e ls . Note th a t the re s u lts  l is te d  fo r  model No. 1 use the new s ta rt in g  
po in t th a t was used fo r  models No. 2 and No. 3. Recall th a t the o p t i­
m ization of the o r ig in a l model was r e la t iv e ly  simple and showed th a t
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Table 4 -8 . Search Steps fo r  the O ptim ization of the  
V ariab le  Steam Model, Model No. 3
Step
I .D .
A ir  Feedrate 
( lb m o l/h r)
X1
B o ile r  1 
Out(F)
X2
Bed 1 
I  n( F)
x3
Bed 2 
In (F )
x4
Bed 3 
I n ( F)
X5
Bed 4 
I n( F)
X6
Return
(S /h r )
Base 20000 800 800 810 850 825 766.42
Basel 16000 800 800 810 850 825 901.13
S ll 16000 800 790 800 840 815 910.09
S12 16000 800 780 790 830 805 911.76
S13 16000 800 780 780 820 795 918.63
S14 16000 800 780 780 810 785 (9 1 8 .1 4 )
Base2 16000 800 780 780 820 795 918.63
S21 16000 800 785 785 815 790 928.75
S22 16000 800 790 790 810 785 929.32
S23 16000 800 795 795 805 780 928.88
Base3 16000 800 790 790 810 785 929.32
*S31 16000 800 780 780 810 780 935.36
S32 16000 800 780 780 805 780 932.75
Base4 16000 800 780 780 810 780 935.36
S41 16000 800 780 780 805 780 932.75
( ) ChemShare sim ulation did not converge. 
* Optimum.
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Table 4 -9 . Product Resuilts  fo r  the V ariab le  Steam Model
High High Low
Step Acid Pressure Pressure Pressure D ilu tio n Cooli ng
I . D. Product Steam Steam Steam Water Water
( lb /h r )  ( lb m o l/h r) Temp(F) ( lb m o l/h r )  ( lb m o l/h r) (g a l/h r '
y l  y2 y 3 y6 y 7
Base 147011 3920 630 5967 1477 524900
Basel 146688 7380 634 3385 1492 419000
S ll 146939 7426 630 3400 1493 416100
S12 147298 7162 630 3728 1498 411100
S13 147463 7243 630 3674 1501 411100
S14 147696 7156 648 3695 1501 405700
Base2 147463 7243 630 3674 1501 408600
S21 147615 7592 642 3228 1500 407100
S22 147693 7678 658 3047 1501 406000
S23 147744 7749 674 2884 1503 404600
Base3 147693 7678 658 3047 1501 406000
*S31 147777 7683 656 3076 1502 404600
S32 147733 7645 647 3176 1504 404500
Base4 147777 7683 656 3076 1502 404600
S41 147733 7645 647 3176 1504 404600
* Optimum.
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Table 4 -10 . Comparison of O ptim ization Results fo r  Three 
D iffe re n t  Acid P lan t Models
Total Search P r o f it  Change From
Model Optimum Point S im ulations (S /h r )  Base (S /h r )
Acid 
P la n t, 
No. 1
16000,800,860,860,780,780 14(1) 1069.78 +303.36
High
Pressure 
Steam, 
No. 2
16000,800,780,780.830,785 43(5) 928.32 +161.90
Variab le  
Steam, 
No. 3
16000,800,780,780,810,780 27(3) 935.36 +168.94
I n i t i a l  Vector = (16000 ,8 0 0 ,8 0 0 ,8 1 0 ,8 5 0 ,8 2 5 )
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th is  model did not pose a d i f f i c u l t  op tim iza tio n  problem. The high 
pressure steam model and the v a ria b le  steam model are a r t i f i c i a l  permu­
ta tio n s  of the o r ig in a l model th a t were derived in an attem pt to pose a
more strenuous o p tim iza tio n  challenge. The re s u lts  l is te d  in Table 4-10  
in d ic a te  the increased d i f f i c u l t y  these new economic models posed fo r  
the SLP algorithm . For model No. 1 the optimum lie s  on the v a r ia b le  
boundaries. For model No. 2 two o f the va ria b le s  are not a t the upper 
or lower boundary l im its  a t the optimum. For model No. 3 only one v a r i ­
able does not l i e  a t a boundary fo r  the optimum p o in t. Accordingly, 
model No. 1 required the le a s t number of sim ulations in the search f o l ­
lowed by model No. 3 and f in a l ly  model No. 2. This re s u lt  is  in accord­
ance w ith  the increased d i f f i c u l t i e s  presented by the new economic 
models.
The o r ig in a l model was most p ro f ita b le  a t S 1069.78 /hr because i t  f a ­
vored and generated the highest degree o f superheated steam. The high 
pressure steam model was the le a s t p ro f ita b le  a t S 928 .32 /h r because no 
a d d itio n a l value was given to the energy content o f the steam above 
630°F. The v a r ia b le  steam model was in term ediate  between the p r o f i t ­
a b i l i t ie s  of the other two models a t S93B.36/hr because o f the reduced 
steam consumption in the blower favored by th is  model.
B-5 Reform ulation of the Acid P lan t Problem
The above discussion in d ica tes  how an o p tim iza tio n  problem can be 
form ulated from a sequential modular flow sneeting sim ulation and then
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solved by non linear programming techniques. I t  is  possib le to  form ulate  
the o p tim iza tio n  problem in another fashion which provides d if fe r e n t  op­
t im iz a tio n  o p p o rtu n itie s . This a lte rn a te  fo rm ulation  is  described  
below.
Figure 4-1 ind icated  how the lin e a r iz e d  problem was form ulated. At 
the o u tse t, there  was the sim ulation model and the economic model. The 
v a ria b le s  in the economic model were defined as the econom ically impor­
ta n t dependent v a r ia b le s . Then independent v a riab les  were defined and 
lin e a r  co n s tra in t equations were developed from the sim ulation model fo r  
use w ith  the economic model fo r  o p tim iza tio n . F irs t  order Taylor series  
expansions were used. The problem was then solved by successive l in e a r  
programming, successive quadratic  programming and genera lized  reduced 
grad ien t a lgorithm s.
I t  is  eq u ally  as v a lid  to  form ulate the problem by expressing the ob­
je c t iv e  function d ir e c t ly  as a function  o f the independent v a r ia b le s , 
thereby generating a problem consisting  o f a l in e a r  o b je c tiv e  function  
w ith  bounds on the independent v a r ia b le s . This re form ulation  is  made by 
su b s titu tin g  the lin e a r  co n s tra in t equations in to  the o b je c tiv e  func­
t io n . The economic model remains constrained by the fe a s ib le  so lu tion  
of the sim ulation model.
Figure 4 -2  dep icts  the o u tlin e  of the fo rm ulation  of the op tim iza tio n  
problem as suggested above. The economic model is  used in the evalu ­
atio n  o f each s im ulation both in the approximation o f d e r iv a tiv e s  and in  
the economic evalu atio n  of a p a r t ic u la r  set o f independent v a r ia b le s .
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Figure 4-;
Maximize :
f ( y )  = f ( y 0
Subject to :
16000 < Xj <
. Reformulation of the Optimization Problem
7
I  c. z ( y k. n)
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However, the l in e a r  set o f co n s tra in t equations form ulated from the Tay­
lo r  series  are incorporated in to  the o b je c tiv e  function leaving upper 
and lower bounds as the only co n s tra in ts . This is  shown in Figure 4 -2 . 
The o b j? c t‘ v t function  used in the o r ig in a l form ulation was given in 
Chapter I I I  as,
7
f ( y )  = E (4-1)
i = l
S u b s titu tin g  the lin e a r iz e d  equations fo r  the economically im portant de­
pendent va ria b le s  in terms o f the independent v a r ia b le s , equation
(3 -1 8 ) ,  in to  equation (4 -1 )  and c o lle c tin g  terms gives the fo llow ing
equation,
7 6
f ( y )  = f ( y 0) + i  ck z ag^ (x . -  x i 0 ) (4-2)
k=l i= l  3xi
Replacing the p a r t ia l  d e r iv a tiv e s  w ith  aki from equation (3 -1 8 )  g ives ,
f ( y )  = f ( y 0) * 1  ck i  ( y ki -  y k0) ( x r x i 0 ) (4-3)
k=l  i = l  Ax.
in which the p a r t ia l  d e r iv a tiv e s  of the c o n s tra in t equations w ith  re ­
spect to the independent v a r ia b le s , x^ , have been replaced by the f in i t e  
d iffe re n c e  approxim ations. The independent v a riab les  are bounded but 
are otherwise unconstrained. The p a r t ia l  d e r iv a tiv e s  in the o b je c tiv e
function  are constants a t any given base p o in t, and they represent the
e f fe c t  o f the independent va ria b le s  on the p r o f i t a b i l i t y  o f a given sim­
u la t io n . These p a r t ia ls  are reevaluated a t each base po in t through the 
d e r iv a tiv e  approximation procedure o u tlin e d  in Chapter I I I .  The depend­
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ent v ariab les  do not e x p l ic i t ly  appear in the c o n stra in t equations fo r  
th is  fo rm ulation . The constra in ts  th a t are estab lised  by v ir tu e  of the 
bounds on the independent variab les  serve to define  the fe a s ib le  region. 
The capacity bounds do not come in to  play fo r  the range of independent 
variab les  chosen.
The re s u lt  o f th is  form ulation is  th a t the problem has been changed 
to  a form th a t only has bounds on the independent v a ria b le s . There are 
no e q u a lity  constra in ts  because they have been substitu ted  in to  the eco­
nomic model. Therefore, unconstrained m u ltiv a ria b le  search algorithms 
can be used w ith  lo g ic  to prevent boundary v io la tio n s . An example would 
be steep ascent w ith a single v a ria b le  lin e  search such as Fibonaci or 
golden section , or any o f the other m utivariab le  searches such as the 
va ria b le  m etric  method.
There is  a basic s im ila r ity  in a l l  of these nonlinear op tim ization  
algorithm s. They a l l  move in a d ire c tio n  o f steep ascent i n i t i a l l y .  
The SLP and GRG algorithm s implemented here move in the d ire c tio n  de­
fin ed  by the f i r s t  order d e r iv a tiv e  m atrix which is  the d ire c tio n  of 
steep ascent. S im ila r ly , the SQP algorithm  moves in the d ire c tio n  of 
the 6 so lution vector which is  the d ire c tio n  vector from the base point 
to the optimum fo r  the quadratic  programming problem. The GRG algorithm  
also moves i n i t i a l l y  in the d ire c tio n  of steep ascent but is  deflected  
by the co n stra in t term, thus the name d eflected  grad ien t.
This a lte rn a te  form ulation described above a ffo rds the opportunity to  
apply a steep ascent algorithm  to the acid p lan t model and to compare
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the performance of th is  fundamental technique w ith  the SLP, SQP and GRG 
algorithm s. The a p p lic a tio n  of unconstrained search methods to problems 
of th is  type has been prev iously  attem pted. For example, adaptive ran­
dom search has been successfu lly  app lied  to constrained optim izatio n  
problems by making two p rovis ions. They are the ju d ic io u s  se lec tio n  of 
v a ria b le  bounds to reduce the p o s s ib il i ty  of in fe a s ib le  s im ulations, and 
d iscarding sim ulations th a t v io la te d  c o n s tra in ts , i . e .  were in fe a s ib le .
This a lte rn a te  fo rm ulation  does not change the nature o f the problem, 
and i t  perm its the a p p lic a tio n  of unconstrained techniques which could 
not be app lied  to the o r ig in a l fo rm u latio n . The co n stra in ts  are s a t is ­
f ie d  by the flow sheeting program, i . e .  the mass and energy balances are 
met by the flow sheeting softw are. In the f i r s t  fo rm ulation of the prob­
lem lin e a r  equations were used to re la te  the independent v a r ia b le s , x^ , 
to  the dependent v a r ia b le s , y . ,  and the economic model was a function  of 
the dependent v a ria b le s  as shown in equation ( 4 - 2 ) .  The second formu­
la t io n  s u b stitu tes  the l in e a r  c o n s tra in t equations in to  the economic 
model and as a re s u lt  the economic model becomes a function o f the inde­
pendent v a r ia b le s . The d iffe re n c e  in form ulations is evident from a 
comparison of Figures 4-1 and 4 -2 . In  Figure 4-1 the o b je c tiv e  function  
is  in  terms of dependent v a r ia b le s , y^., and the e q u a lity  c o n stra in ts  are 
in terms of the independent v a r ia b le s , x^ , and the dependent v a ria b le s .  
In Figure 4-2  the o b jec tive  function and the in e q u a lity  c o n stra in ts  are 
in terms o f the independent v a r ia b le s , x ...
In  order to  in v e s tig a te  the performance of these NLP algorithm s with  
steep ascent, ad d itio n a l searches were performed using the v a r ia b le  su­
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perheated steam model, model No. 3. This model was used because SLP and 
steepest ascent would give the same re s u lts  i f  app lied  to model No. 1 
and because model No. 3 is  a more challenging optim iza tio n  problem. The 
comparison is  between SLP w ith  the vector search approach o u tlin ed  ear­
l i e r  and the method o f steep ascent in which two d i f fe r e n t  s ing le  v a r i­
able l in e  searches were used. The f i r s t  l in e  search was Fibonacci. The 
second search approximated the curve as a quadratic  function in bas­
ic a l ly  the same fashion as P ow ell's  u n iv a ria b le  search.
The Fibonacci l in e  search employed four function evaluations or ex­
periments between each new base p o in t. Each evaluation  is  a f u l l  simu­
la t io n . Assuming the 5 °F reso lu tio n  between each temperature s e tt in g ,  
th is  would reduce the f in a l in te rv a l o f u n c erta in ty  to 12 .12°F  assuming 
the i n i t i a l  in te rn a l were the maximum possib le 80°F. The quadratic  l in e  
search used th ree sim ulations and a quadratic  approximation to p re d ic t  
the optimum po in t in the search in te r v a l.  The i n i t i a l  base po in t choo- 
sen was the previous base case s ta rt in g  p o in t.
Table 4-11 presents the comparison of the SLP a lgorithm  and the two 
steep ascent algorithm s applied  to model No. 3. s ta r t in g  a t x q  =  
(16000, 800, 800, 810, 850, 8 2 5 ). The search steps and lin e  search pa­
rameters fo r  these models are l is te d  in Appendix K. The s ta rt in g  po in t 
used was the same as the previous one used w ith  model No. 3 in which the  
base case bed in le t  tem perature set was used. Both the steep ascent 
search using the Fibonaci and the quadratic  lin e  searches converged to  
the same po in t as the SLP search. N e ith er technique was as e f f ic ie n t  as 
the SLP search. However i t  is  d i f f i c u l t  to  recommend one a lgorithm  over
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Table 4 -11 . Comparison o f A lte rn a te  Line Searches Using the 
V ariab le  Steam Model, Model No. 3
Search
Algorithm
Terminal Independent 
V ariab le  Vector
Return
(S /h r )
Di fference  
from 
Optimum
Number 
Base 
Poi nts
Number
Search
Steps
SLP -
Vector
Search
(16 0 0 0 ,8 0 0 ,7 8 0 ,7 8 0 ,8 1 0 ,7 8 0 ) 935.36 0 3 8
Steep 
Ascent -  
Fibonaci
(16 0 0 0 ,8 0 0 ,7 8 0 ,7 8 0 ,8 1 0 ,7 8 0 ) 935.36 0 5 15
Steep 
Ascent -  
Q uadratic
(16 0 0 0 ,8 0 0 ,7 8 0 ,7 8 0 ,8 1 0 ,7 8 0 ) 935.36 0 5 15
I n i t i a l  Vector = (1600 0 ,8 0 0 ,8 0 0 ,8 1 0 ,8 5 0 ,8 2 5 )
Table 4 -12 . Comparison o f A lte rn a te  Line Searchs Using the 
V ariab le  Steam Model, Model No. 3
Search
A lgorithm
Terminal Independent 
V ariab le  Vector
Return
(S /h r )
Di f ference  
from 
Optimum
Number 
Base 
Poi nts
Number
Search
Steps
SLP -
Vector
Search
(16 0 0 0 ,8 0 0 ,8 3 5 ,8 3 5 ,7 8 5 ,7 8 0 ) 912.51 -2 2 .8 5 3 8
Steep 
Ascent -  
Fibonaci
(16000 ,8 0 0 ,7 8 0 ,7 8 0 ,8 1 0 ,7 8 0 ) 935.36 0 4 12
Steep 
Ascent -  
Quadrati c
(1600 0 ,8 0 0 ,8 3 5 ,8 3 5 ,7 8 5 ,7 8 0 ) 912.51 -2 2 .8 5 3 9
I n i t i a l  Vector = (16 0 0 0 ,8 0 0 ,8 6 0 ,8 6 0 ,7 8 0 ,7 8 0 )
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the other based on these re s u lts . Table 4-11 in d ica tes  th a t fo r  model 
No. 3 s ta r t in g  from the independent v a r ia b le  po in t (16000, 800, 800, 
810, 850, 825) the SLP search worked w e ll. The reason fo r  the observed 
b e tte r  performance is  th a t  th is  approach was able to  f in d  b e tte r  new 
base po in ts . Perhaps a steep ascent search w ith  5 or 6 in v e s tig a tio n s  
between the base points would perform as w ell or b e tte r .
Another s ta r t in g  po in t was used and these re s u lts  are presented in  
Table 4 -1 2 . This po in t was the optimum fo r  the o r ig in a l model, i . e .  xq 
= (16000, 800, 860, 860, 780, 780 ). The re s u lts  in the ta b le  show the  
Fibonacci l in e  search performed b est. I t  was the only lin e  search th a t  
found the accepted optimum. Both of the o ther techniques stopped a t an 
apparent local maximum w ith  the return  o f $ 9 1 2 .5 1 /h r . The SLP a lgorithm  
got caught in a cycle in which the only improved returns resu lted  from 
unconverged s im ulations. S im ila r ly ,  the quadratic  model resu lted  in 
p re d ic tin g  b e tte r  sim ulations a t points th a t fa i le d  to converge.
The grad ien t search w ith  a quadratic  l in e  search responded poorly. 
I t  c o n s is te n tly  prescribed as the optimum w ith in  a given l in e  search 
points th a t generated poorer re turns than those observed and used in the  
quadratic  f i t .  This discrepancy between observed and pred icted  re turns  
is  probably due to the in a b i l i t y  to  f i t  the surface of the economic 
model to  a quadratic  curve on the basis employed in  th is  work.
The re s u lt  o f th is  eva luation  in d ica tes  th a t  a l in e  search th a t does 
not p rescribe a set number o f experiments between base points is  l ik e ly  
to fa re  b est. The success o f the step procedure used w ith  the SLP ap­
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proach is  a t t r ib u ta b le  to the f l e x i b i l i t y  in the number of searches made 
between base points thereby a llow ing the user to in v e s tig a te  favorable  
regions to a fu r th e r  e x te n t. Line search procedures th a t f ix  the number 
o f evaluations between base points or th a t are r e l ia n t  on a p a r t ic u la r  
c h a ra c te r is t ic  of the economic model surface, such as the Fibonacci or 
the quadratic  approxim ation, did not fa re  as w e ll.
This completes the presentation  o f the ap p lic a tio n  nonlinear program­
ming algorithm s to the s u lfu r ic  acid p la n t. The search studies de­
scribed above in d ic a te  th a t successive lin e a r  programming can be 
successfu lly  applied  to a complex flow sheeting model invo lv ing  h ighly  
n onlinear components. The sim ulation model is  comprised of sim ple, l i n ­
ear mass balance equations as w ell as h igh ly  non linear reaction  and en­
ergy balance equations. The lin e a r iz e d  model used in th is  approach was 
used to approximate the economic model and not as an approximation of 
the sim ulation model i t s e l f .  Through an a lte rn a te  fo rm ulation  of the 
o p tim iza tio n  problem i t  was possible to apply unconstrained optim izatio n  
techniques to the s im ulation model and to compare those techniques w ith  
SLP. Further comparisons of SLP with o ther techniques are presented 
la te r  in th is  chapter.
C Reactor Chain Design O ptim ization  fo r  the S u lfu r ic  Acid P lan t
The SLP, SQP and GRG algorithm s have been shown to be very e f fe c t iv e  
means fo r  d ealing  w ith  n on linear programming problems. These algorithm s  
are a p p licab le  to problems in which the n on linear o b je c tiv e  function  is  
constrained by lin e a r  and/or non linear c o n s tra in ts . The acid p lan t
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model form ulated in Chapter I I I  is  not id e a lly  suited fo r  these a lgo­
rithm s because the economic model was l in e a r  in the economically impor­
ta n t dependent v a r ia b le s .
In order to fu r th e r  in v e s tig a te  the performance o f the the SLP, SQP 
and GRG algorithm s a non linear programming problem must f i r s t  be estab­
lis h e d . None of the th ree models presented e a r l ie r  are re a d ily  formu­
la ted  w ith  a non linear economic model. Considering the nature of any 
economic model th a t seeks to evaluate the p r o f i t a b i l i t y  of p lan t opera­
t io n  based upon the summation o f the p ro f its  and costs associated w ith  
product, in term ed iate  and raw m ateria l streams, i t  is  d i f f i c u l t  to de­
v ise a non linear model. There are no n on linear functions included in 
the o b jec tive  function even though the va ria b le s  in the o b je c tiv e  func­
tio n  are obtained from the reso lu tio n  o f the many non linear functions  
and re la tio n s h ip s  th a t make up the sim ulation model.
I t  may be possib le to incorporate p a rt o f the non linear equations 
from the sim ulation model in to  the economic model. However, such an ap­
proach would be expensive from a computational po in t o f view and i l l  ad­
vised in th a t the l in e a r  models have a lready proven e ffe c t iv e .  
Therefore , in an attem pt to in v e s tig a te  the a p p lic a tio n  of the SLP, SQP 
and MINOS GRG algorithm s to a non linear flow sheeting problem, a separate 
design orien ted  problem was developed fo r  the SO2 to  SO^  conversion re ­
ac to r which is  the key p a rt o f the p la n t. This model has the ad d itio n a l 
advantage o f g iv ing  a comparison fo r  a design problem as compared to the 
previous sim ulation problem.
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C-l The Reactor Chain Problem
The most s ig n if ic a n t  c o n trib u tio n  to the n o n lin e a rity  of the simu­
la t io n  model is  made through the re ac to r chain. In order to form ulate a 
more challenging flowsheet op tim iza tio n  problem, a separate problem was 
developed w ith  the o b je c tiv e  of designing a minimum bed volume re a c to r. 
The o b je c tiv e  function consists o f the expression fo r  the to ta l volume 
of the reac to r bed. The sim ulation model consists o f the acid p la n t re ­
acto r chain model which was extracted  from the acid p la n t sim ulation  
model. Figure 4-3 depicts the reac to r model schematic. The ChemShare 
input code is  l is te d  in Appendix M. The fig u re  shows th a t the reac to r  
chain problem consists o f the four re a c to r beds, B o ile r  No. 2, the two 
superheaters and the economizer. There are 17 im portant va ria b le s  fo r  
th is  problem (5  independent, 8 dependent and 4 held c o n stan t), and they  
are lis te d  in Figure 4 -4 . The f iv e  independent v a ria b le s  are the over­
a l l  re ac to r bed cross sectional area and the four in d iv id u a l bed depths. 
These va ria b le s  were chosen as independent v a ria b le s  because they d e te r­
mine the c a ta ly s t loading and th e re fo re  a f fe c t  the reac to r conversion. 
The e ig h t dependent v ariab les  are the four tem peratures and the four 
conversions e x it in g  the beds. The bed e x it  temperatures were chosen as 
dependent va ria b le s  because there is  an upper l im i t  beyond which ca ta ­
ly s t  degradation occurs. The e x it  SOj flo w ra tes  were selected as de­
pendent va ria b le s  because they represent the conversion which is  the 
most im portant measure of the reac to r performance. The bed in le t  tem­
peratures were parameters th a t were constants fo r  any given design. 
This was due to the w idely varying e ffe c ts  th a t these varia b le s  can ex-
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Figure 4-4. Variables Used in the Reactor Design Problem
V ariab le  V ariab le  Type V ariab le  Id e n t ity
X1 Parameter 1st Bed In le t  Temperarute, F
x2 Parameter 2nd Bed In le t  Temperature, F
x3 Parameter 3rd Bed In le t  Temperature, F
x4 Parameter 4th Bed In le t  Temperature, F
x5 Independent Reactor
2
Cross Section , f t
x6 Independent 1st Bed Depth, f t
x7 Independent 2nd Bed Depth, f t
x8 Independent 3rd Bed Depth, f t
x9 Independent 4th Bed Depth, f t
y l Dependent 1st Bed O u tle t Temperature, F
y 2 Dependent 2nd Bed O u tle t Temperature, F
y 3 Dependent 3rd Bed O u tle t Temperature, F
y 4 Dependent 4th Bed O u tle t Temperature, F
y 5 Dependent 1st Bed SO^  F low rate, lbm ol/h r
y 6 Dependent 2nd Bed SO^  F low rate, lbm ol/h r
y 7 Dependent 3rd Bed S03 F low rate, lbm ol/h r
y 8 Dependent 4th Bed S03 F low rate, lbm ol/h r
Note a l l  S03 flo w ra tes  are cum ulative through the bed l is te d .
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h ib i t  on the reac to r performance. This w i l l  be tre a te d  in more d e ta il  
below.
The reac to r problem o p tim iza tio n  form ulation is  given in Figure 4 -5 .  
In  the development o f th is  problem several things are important to note. 
The o b je c tiv e  function is  the expression fo r  the to ta l c a ta ly s t bed v o l­
ume. The co n stra in ts  are approximated by f i r s t  order Taylor series in 
the same fashion as th a t used in the development o f the acid p lan t o p t i­
m ization problem described e a r l ie r .  The constra in ts  are the equations  
th a t re la te  the dependent v a r ia b le s , y . . , to  the independent v a r ia b le s ,  
x .., and to the o b je c tiv e  fu n c tio n . Consequently, the a p p lic a tio n  of the  
o p tim iza tio n  algorithm s to the reac to r problem fo llow s the same approach 
used fo r  the acid p lan t in th a t each new base po in t requires the estab­
lishm ent of new c o n s tra in t approxim ations.
The in t i t a l  attem pt to solve th is  problem used the base case inde­
pendent v a r ia b le  s e ttin g s  as the s ta rt in g  po in t which is  a fe a s ib le  
p o in t. This point is  BASE in Table 4-13 and represents the p lan t under 
normal operating co nd itions. I t  is  the only s ta rtin g  po in t used in 
these searches th a t s a t is f ie s  the E .P.A . emission requirem ent, 2000 ppm. 
The second two points in Table 4 -1 3 , PTR2 and PTR3, are in fe a s ib le  
po ints th a t u t i l i z e  the same in le t  temperatures but w ith s ig n if ic a n t ly  
d if fe r e n t  bed volumes. The la s t  p o in t, PTR4, u t i l iz e s  d if fe r e n t  in le t  
bed temperatures than th a t of the base case.
The o b je c tiv e  fo r  the minimum reac to r volume problem is  to f in d  the  
minimum c a ta ly s t bed loading th a t w i l l  exac tly  s a tis fy  the conversion
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Figure 4-5. Formulation of the Reactor Design Problem
Minimize :
VOO = x5 ( x6 + x7 + X g +  xg) 
Subject to :
9
= y i0 + Z y i j  ‘  y i0 <»j -  v fo r  i from 1
j=5  AXj
780 < y i < 1500 fo r i from 1 to 4
0 < y i < 1465 fo r i from 5 to 7
780 < x. < 1500 fo r i from 1 to 4
0 < x5
0 < xi fo r i from 6 to 9
1465 < y8
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Table 4 -13 . Minimum Reactor Volume I n i t i a l  
Independent V ariab le  S ta rtin g  Points
Point Bed 1 Bed 2 Bed 3 Bed 4
Bed
Area
Bed 1 Bed 2 
Depth Depth
Bed 3 
Depth
Bed 4 
Depth
I .D . In (F )  
*1
In (F ) In ( F) 
x2 X3
I  n ( F) 
X4
( f t 2 )
x5
( f t )  ( f t )  
x6 x7
( f t )
X8
( f t )
x9
BASE 800 810 850 825 1134 1.89 2.09 2.24 2.74
PTR2 800 810 850 825 800 0.75 0.75 0.75 0.75
PTR3 800 810 850 825 900 0.60 0.81 0.90 0 .6
PTR4 782 788 843 807 900 0.9C 0.90 0.90 0.90
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requirement th a t meets the E. P. A. emmission standard. This conversion  
requ ires  1,465 lbm ol/h r of SO^  to SO  ^ to meet the stack emission con­
s t r a in t  of 2000 ppm SO^. This is  the most s ig n if ic a n t  c o n s tra in t in  
th a t any re ac to r th a t generates less than 1,465 lbm ol/h r of SO  ^ out of 
the fo u rth  bed is  in fe a s ib le  because E.P.A . standards are v io la te d . Any 
re ac to r chain th a t produces more SO^  than the minimum conversion of 
1,465 lbm ol/hr represents the use o f an excess amount o f c a ta ly s t .  
There are many posib le c a ta ly s t loadings th a t meet the c r i t e r ia  estab­
lished  above. How much to ta l c a ta ly s t is  needed to meet the conversion  
s p e c if ic a tio n  is  dependent upon how many beds are used, the in le t  bed 
tem peratures and the way in which the c a ta ly s t is  proportioned among the  
beds.
The GRG method was the f i r s t  procedure used, and a search was begun 
a t each of the points l is te d  in Table 4 -13 . The in le t  bed tem perature  
v a r ia b le s , through x^, were held a t the values given in the ta b le .  
The volume v a r ia b le s , x^ through Xg, were in i t ia l iz e d  a t the values  
l is te d  in the ta b le  and were the independent va ria b le s  fo r  the re ac to r  
problem. A f in i t e  d iffe re n c e  approximation to the d e r iv a tiv e  was per­
formed fo r  each independent v a r ia b le  as o u tlin ed  e a r l ie r  w ith  the acid  
p la n t searches. The values o f these d e r iv a tiv e s  are given in Appendix 
Q. These d e r iv a tiv e  approximations were then form ulated in to  the input 
required by the MINOS GRG code. The algorithm  then prescribed new v a r i ­
able values which were inserted  in to  the model and evaluated . A b e tte r  
re s u lt  generated a new base po in t a t which the procedure was repeated. 
The search was continued u n t il the conversion c lo s e ly  approached the 
c o n s tra in t, 1,465 lb m o l/h r. As the search approached the optimum, gen­
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e r a l ly  w ith in  10 lbm ol/hr o f the minimum required conversion, there were 
very small changes in the conversion. T herefore , a quadratic  l in e  
search l ik e  th a t described e a r l ie r  was then used to fin d  the exact po in t 
th a t prescribed the minimum required conversion. The l in e  search was 
implemented by making th ree eva lu a tio n s , f i t t in g  the evaluations to a 
q u ad ra tic , and then solving the quadratic  fo r  the lin e  search parameter 
a t the desired conversion.
Table 4-14 l is t s  the search steps involved in the fe a s ib le  search. 
This search is  fe a s ib le  because the i n i t i a l  s ta r t in g  po in t s a t is f ie s  the 
minimum conversion co n s tra in t compatible w ith  the E.P.A . emission stand­
ards, i . e .  1,465 lb m o l/h r. Note th a t the search becomes in fe a s ib le  w ith  
the very next step, po in t SOI. A ll o f the conversion occurs in the 
f i r s t  th ree  beds. The d e r iv a tiv e s  fo r  the change in SO^  f lo w ra te , i . e .  
conversion, w ith  respect to bed depth were zero fo r  the fo u rth  bed. No 
reac tio n  occured in th is  bed. Therefore the GRG a lgorithm  prescribed a 
zero bed depth fo r  bed No. 4. A ll of the c a ta ly s t was d is tr ib u te d  among 
the f i r s t  th ree beds.
The points lis te d  as Q1 through Q6 in Table 4-14 are those th a t were
involved in the quadratic  l in e  search. The search required three base
p o in ts , th ree step p o in ts , and six lin e  search po in ts . The re s u lt  was a
3
th ree  bed re ac to r w ith  a to ta l bed volume o f 4,275 f t  . The d e r iv a tiv e  
approximations fo r  th is  search and fo r  the o ther reac to r problem search­
es are l is te d  in Appendix Q.
Reproduced with perm ission o f the copyright owner. Further reproduction prohib ited w ithout permission.
245
Table 4-14. Search Steps for the Feasible Path Minimum
Reactor Volume Problem Using GRG
Bed Bed 1 Bed 2 Bed 3 Bed 4 Reactor
Step Area Depth Depth Depth Depth Volume Conversion
I.D . ( f t 2 ]1 ( f t ) ( f t ) ( f t ) ( f t ) ( f t 3 ) ( lb  m ol/h r)
x5 x6 x7 x8 X9 y8
BASE 1134 1.89 2.09 2.29 2.74 10,161 1480
SOI 1000 1.00 1.00 1.23 - 3,232 1437
BAS El 1000 1.00 1.00 1.23 - 3,232 1437
S ll 1093 1.10 1.10 1.23 - 3,749 1454
BASE2 1093 1.10 1.10 1.23 - 3,749 1454
S21 1120 1.20 1.20 1.23 - 4,066 1461
Q1 1120 1.20 1.20 1.23 - 4,066 1461
Q2 1133 1.40 1.40 1.28 - 4,283 1466.2
Q3 1145 1.30 1.30 1.33 - 4,500 1466.4
Q4 1128 1.23 1.23 1.26 - 4,196 1463
Q5 1131 1.24 1.24 1.27 - 4,241 1464.4
*Q6 1131 1.40 1.40 1.28 " 4,275 1465.5
Bed in le t  temperatures set a t (800 , 810, 850, 825) F
* Minimum reac to r volume fo r on s p e c ific a tio n  conversion.
Table 4-15 . Mi nimum Reactor Volume In fe a s ib le  Path
Search from Point PTR2 Using GRG
Bed Bed 1 Bed 2 Bed 3 Bed 4 Reactor
Step Area Depth Depth Depth Depth Volume Conversion
I.D . ( f t 2 ) ( f t ) ( f t ) ( f t ) ( f t ) ( f t 3 ) ( lb  m ol/h r)
x5 x6 x7 x8 x9 y 8
BASE 800 0.75 0.75 0.75 0.75 2,400 1352
SOI 833 0.75 1.00 1.00 0.75 2,916 1447
BAS El 833 0.75 1.00 1.00 0.75 2,916 1447
S ll 846 0.85 1.10 0.90 0.85 3,130 1462
Q1 800 0.75 1.00 0.80 0.75 2,640 1403
Q2 846 0.85 1.10 0.90 0.85 3,130 1462
Q3 892 0.95 1.20 1.00 0.95 3,657 1476
*Q4 850 0.86 1.11 0.91 0.86 3,179 1465
Bed in le t  temperatures set a t (800 , 810, 850, 825) F 
* Minimum Reactor Volume fo r  on s p e c if ic a tio n  conversion.
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Table 4-16 . Mi nimurri Reactor Volume In fe a s ib le  Path
Search from Point PTR3 Us-i ng GRG
Bed Bed 1 Bed 2 Bed 3 Bed 4 Reactor
Step Area Depth Depth Depth Depth Volume Conversion
I .D . ( f t 2 ) ( f t ) ( f t ) ( f t ) ( f t ) ( f t 3 ) ( lb  m ol/h r)
x5 x6 x7 X8 x9 y8
BASE 900 0.60 0.81 0.90 0.60 2,619 1419
SOI 926 0.70 0.90 1.00 0.70 3,056 1444
BAS El 926 0.70 0.90 1.00 0.70 3,056 1444
S ll 862 0.80 1.00 0 .90 0.80 3,017 1454
Q1 862 0.80 1.00 0.90 0.80 3,017 1454
Q2 875 0.85 1.05 0.95 0.85 3,238 1466.7
Q3 887 0.90 1.10 1.00 0.90 3,459 1473
*Q4 872 0.84 1.04 0 .94 0.84 3,192 1465
Bed in le t  temperatures set a t  (800 , 810, 850, 825) F
* Minimum Reactor Volume fo r on s p e c if ic a tio n  conversion.
Table 4-17 . Minimum Reactor Volume In fe a s ib le  Path
Search from Point PTR4 Using GRG
Bed Bed 1 Bed 2 Bed 3 Bed 4 Reactor
Step Area Depth Depth Depth Depth Volume Conversion
I.D . ( f t 2 ) ( f t ) ( f t ) ( f t ) ( f t ) ( f t 3 ) ( lb  m ol/h r)
x5 x6 x7 x8 x9 y8
BASE 900 0.90 0.90 0 .90 0.90 3,240 1458
SOI 800 0.80 1.10 1.10 1.09 3,272 1460
Ql 775 0.70 1.00 1.00 0.99 2,860 1417
Q2 800 0.80 1.10 1.10 1.09 3,272 1460
Q3 840 0.90 1.20 1.20 1.19 3,704 1476
Q4 805 0.82 1.12 1.12 1.11 3,357 1464.1
Q5* 806 0.82 1.12 1.12 1.11 3,361 1464.3
Q6 809 0.83 1.13 1.13 1.12 3,406 1467.2
Q7 807 0.83 1.13 1.13 1.12 3,397 1466.9
Q8 806 0.82 1.12 1.12 1.11 3,361 1464.3
Bed in le t  temperatures set a t  (782 , 788, 843, 807) F 
* Minimum reac to r volume fo r on s p e c if ic a tio n  conversion.
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Table 4 -18 . Minimum Reactor Volume Results Using GRG
Poi nt
Bed
Area
Bed 1 
Depth
Bed 2 
Depth
Bed 3 
Depth
Bed 4 
Depth
Reactor 
Volume Conversic
I .D . ( f t 2 )
*5
( f t )
x6
( f t )
x7
( f t )
x8
( f t )
x9
( f t 3 ) ( lb  m ol/i 
y 8
BASE 1131 1.40 1.40 1.28 0.0 4,275 1465.5
PTR2 850 0.86 1.11 0.91 0.86 3,179 1465.0
PTR3 872 0.84 1.04 0.94 0.84 3,192 1465.0
PTR4 806 0.82 1.12 1.12 1.11 3,361 1464.3
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Table 4-15 l is t s  the search steps fo r  the search from po in t PTR2. 
Tables 4-16 and 4-17 dep ic t the searches from PTR3 and PTR4. Table 4-18  
summarizes the re s u lts  from Tables 4-14 through 4 -17 . As the tab les  in ­
d ic a te , these th ree  i n i t i a l  points are a l l  in fe a s ib le  w ith  regards to  
the E .P.A . standard. As shown in Table 4-18 and Tables 4-15 and 4-16  
the searches from points PTR2 and PTR3 converge e s s e n tia lly  to the same 
p oin t w ith  e s s e n tia lly  the same c a ta ly s t d is tr ib u t io n  and loading. The
3
two minimum reac to r volumes are w ith in  13 f t  or 0 .4  % o f each o th er. 
The bed loadings are e s s e n t ia lly  the same w ith  the f i r s t  and la s t  beds 
being equal, the second bed being the la rg e s t and the th ird  bed being 
the second la rg e s t. This c a ta ly s t loading d i f fe r s  notably from the base 
case p lan t design in which the f i r s t  bed is  the sm allest and each suc­
cessive bed is  la rg e r  than the preceeding one.
The search from PTR4 l is te d  in Table 4-17 stops a t a bed volume th a t  
is  la rg e r  than the two previous ones. This is  a d ire c t  re s u lt  of the 
d if fe r e n t  bed in le t  temperatures used fo r  po in t PTR4. This search needs 
almost 200 cubic fe e t more c a ta ly s t than the PTR2 search, i . e .  3,361 ft^  
versus 3 ,1 7 9 f t ^ .
In summary, the re s u lts  o f the minimum reac to r volume problem show 
th a t a d if fe r e n t  minimum volume is  found fo r  fe a s ib le  path and in fe a s i­
ble path searches. This occurs because o f the low conversion th a t takes  
place in the fo u rth  re ac to r bed under normal operating cond itions. I t  
is  im portant to note th a t " in fe a s iD le "  is  used here to r e fe r  to  a simu­
la t io n  th a t does not meet a l l  the required c o n stra in ts  and bounds. No­
n etheless, the sim ulation is  com pletely converged. This in fe a s ib le  path
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is  to be d e lin ea ted  from the in fe a s ib le  path used by several workers as 
reported in Chapter I I  in which s ing le  passes were made through the 
model and the sim ulation was not converged. A lso, the bed in le t  temper­
atures were shown to have a d ire c t  e f fe c t  on the amount of c a ta ly s t  
needed.
The d iffe re n c e  in the re s u lts  obtained from the fe a s ib le  and in fe a s i­
ble path searches is  d ram atic. The fe a s ib le  search found 3 beds a t the  
minimum and the in fe a s ib le  search found 4 beds. The fo llo w in g  comments 
exp la in  th is  fin d in g .
The temperature -  conversion diagram fo r  SO  ^ to  SO  ^ was presented in 
Figure 3 -2 . I t  showed th a t the eq u ilib riu m  conversion decreased w ith  
increased in tem perature. The m u ltip le  bed design breaks the o v e ra ll 
conversion process in to  a series  of eq u ilib riu m  or near eq u ilib riu m  con­
version steps. For the base case the reac to r chain is  overdesigned to
ensure the conversion s p e c if ic a tio n  is  met. For example, the fo u rth  bed 
3 3has a la rg e r  volume, 3 ,1 0 7 ft  versus 2 ,1 4 3 ft  , and a higher a c t iv i ty  ca­
ta ly s t ,  LP—110 versus LP-120, than the f i r s t  bed. Y et, very l i t t l e  con­
version takes place in the fourth  bed, 7 lbm ol/h r compared to 1150 
lbm ol/h r fo r  the f i r s t  bed.
Figure 4-6 is  a graph of the conversion expressed as SO^  formed in  
the f i r s t  re ac to r bed as a function o f the space tim e. This fig u re  
shows th a t the conversion reaches e q u ilib riu m  in th is  bed at about 0.600  
seconds. At or above 0.600 seconds on the space time curve the slope of 
the curve is  zero . The p a r t ia l  d e r iv a tiv e  o f SO  ^ conversion w ith  re -
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Figure 4-6. Conversion Versus Space Time for Bed No. 1
EQUILIBRIUM
0.30
1 * (SEC)
Reproduced with perm ission o f the copyright owner. Further reproduction prohib ited w ithout permission.
251
spect to bed depth or bed volume fo r  the fo u rth  bed is  zero because of 
the overdesign o f the reac to r beds. The p a r t ia l  d e r iv a tiv e  of v a ria b le  
yg w ith  respect to v a r ia b le  Xg is  zero evaluated a t the base case spec­
i f ic a t io n s .  The p a r t ia l  d e r iv a tiv e s  o f conversion and o u t le t  temper­
ature  w ith  respect to bed depths and cross-sec tio n a l area are zero when 
the gases flow ing through the c a ta ly s t bed have reached e q u ilib riu m . 
This would be eq u iva len t to approximating the slope of Figure 4-6 above
0.600 seconds, re s u lt in g  in a zero d e r iv a t iv e . The p a r t ia l  d e r iv a tiv e s  
have to  be app lied  to the bed in a range between 0 and 0 .600 seconds,
1 .e . before eq u ilib riu m  is  a tta in e d . This is  e s s e n t ia lly  the s itu a tio n  
observed w ith  the fe a s ib le  path search in which the fo u rth  bed was oper­
a tin g  in the near e q u ilib riu m  range.
A b e tte r  approach fo r  solving th is  type of problem is  an in fe a s ib le  
search in which the bed dimensions are such th a t the conversion does not 
approach e q u ilib r iu m , i . e .  s ta r t in g  w ith  underdesigned beds. The idea 
is  to move to th a t minimum bed volume which e x a ctly  s a t is f ie s  the con­
version c o n s tra in ts . L inear approximations are being used fo r  those 
co n s tra in ts , and i t  is  obviously w iser to  apply the f i n i t e  d iffe re n c e  
an alys is  to the dynamic range in which the eq u ilib riu m  curve has a non­
zero slope ra th e r  than from the f l a t  portion  of the e q u ilib riu m  and con­
version curves. Formulating the o p tim iza tio n  problem such th a t the 
minimum bed volume optimum is  approached from th is  side o f the e q u il ib ­
rium curve involves s ta r t in g  from an i n i t i a l  po in t where there  is  in s u f­
f ic ie n t  bed volume to bring about the minimum requ ired  conversion. As 
such these sim ulations f a l l  outside the fe a s ib le  range from the perspec­
t iv e  o f the minimum conversion c o n s tra in t. The search proceeds from the
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in i t i a l  in fe a s ib le  po in t by increasing and ad justing  the bed volumes 
u n til the minimum required conversion is  a tta in e d .
I t  was noted e a r l ie r  th a t the bed in le t  temperatures were set fo r  
each search procedure reported above. The fo llo w in g  comments exp la in  
the n o n lin e a r it ie s  of the re ac to r design problem and the e ffe c ts  of the 
bed in le t  temperatures on the conversion in the c a ta ly s t beds. Inherent 
in the reac to r design problem are a t le a s t th ree  separate independent 
v a ria b le  e ffe c ts . These re s u lt  from the d i f fe r e n t  e f fe c ts  th a t the bed 
in le t  tem peratures, the c a ta ly s t bed depths, and the bed cross sectional 
area have on the reac to r conversion.
The in le t  bed tem perature is  the most non linear component. The in le t  
bed temperatures a f fe c t  the e q u ilib riu m  conversions and reaction  ra te  
constants. In a s ing le  bed, fo r  example, i f  the bed is  small and i f  the 
feed gas is  reac tan t r ic h  then e q u ilib riu m  is  not approached in the bed. 
For a high in le t  tem perature the reac tio n  ra te  is  higher and g rea te r  
conversion w i l l  be obtained. However, i f  the bed is  large  and the feed 
gas reac tan t poor such th a t e q u ilib riu m  is  a tta in e d , then a lower in le t  
temperature w i l l  give a h igher eq u ilib riu m  conversion. Thus, the fa v o r-  
a b i l i t y  o f a high or low in le t  temperature fo r  any one reac to r bed de­
pends on the r e la t iv e  size  of the bed and the composition of the feed 
gas en tering  th a t bed, i . e .  whether the reac tio n  ra te  or the e q u ilib riu m  
constant is  determ ining the conversion in the bed.
The e ffe c ts  o f the in le t  bed tem perature on the f i r s t  two beds are 
s tra ig h tfo rw ard  such th a t increased in le t  temperatures re s u lt  in  higher
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conversions from these beds. However, the o v e ra ll com plexity of the re ­
ac to r problem is  enhanced by the in te ra c tio n  of the four separate beds. 
As a re s u lt ,  the e ffe c ts  of the in le t  bed temperatures on the la s t two 
beds are very non linear and unpred ictab le . In some cases increased  
in le t  temperatures to these beds re s u lts  in higher conversions and in 
other cases the conversions are reduced. This phenomenon is  shown by 
the magnitudes and signs fo r  the f in i t e  d iffe re n c e  approximations fo r  
the conversion in each bed as a function o f bed in le t  temperature given 
in Appendix Q. The f i r s t  four e n tr ie s  in the la s t  l in e  of each data set 
l is te d  in Appendix Q g ive the d e r iv a tiv e  approximations fo r  the o vera ll 
reac to r chain conversion w ith  respect to increased bed in le t  temper­
a tu res . For a l l  of the points eva luated , the o v e ra ll conversion e ith e r  
had a zero or a p o s itiv e  change w ith  increased bed in le t  temperature fo r  
the f i r s t  two beds. The d e r iv a tiv e  values ranged from 0 .0  to +0.450  
lb m o l/h r°F . However, the d e r iv a tiv e  approximations fo r  the change in 
to ta l  conversion w ith  respect to increased bed in le t  temperature fo r  the  
la s t  two beds v a rrie d  from -0 .6 2 5  to +0.375 lb m o l/h r°F , i . e .  sometimes 
increased bed in le t  temperature increased conversion and sometimes i t  
decreased conversion. The complex re la tio n s h ip  between the reac to r con­
version and the bed in le t  temperatures makes these va ria b le s  poor choic­
es as independent v a r ia b le s .
The e ffe c ts  o f the in d iv id u a l bed depths and the reac to r cross sec­
tio n  are more consisten t as shown by the d e r iv a tiv e  approximations l i s t ­
ed in Appendix Q. Increasing the bed depth of any one bed w i l l  increase  
conversion in th a t bed up u n t il eq u ilib riu m . Increasing the cross sec­
tio n a l area of the reac to r chain w i l l  increase conversion in each bed up
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u n til e q u ilib riu m  is reached. A u n it increase in bed depth corresponds 
2
to a %ird increase in the bed volume and th e re fo re  the c o e ff ic ie n ts  re ­
la tin g  changes in SOg conversion w ith  u n it changes in bed depth are the 
highest observed in the study, e .g . 600 lb m o l/h r / f t .  On the other hand, 
a u n it increase in cross sectional area is  a r e la t iv e ly  small increase 
in to ta l  bed volume and th e re fo re  has a sm aller e f fe c t  on the conversion 
per u n it  change in reac to r cross sectional area , e .g . 0.624  
2
lb m o l/h r /f t  . These numbers are rep res e n ta tiv e  of the d e r iv a tiv e  ap­
proxim ations fo r  the change in SOg conversion w ith  respect to changes in 
the independent v ariab les  bed depth and bed cross sectional area.
Thus there  are three n o n lin e a r it ie s  associated w ith  the reac to r prob­
lem associated w ith  the th ree  classes o f p o te n tia l independent v a r i ­
ab les , in le t  bed tem peratures, bed depths and bed cross sectional area. 
Each class o f va ria b le s  con trib u tes  in a d i f fe r e n t  fashion to the make 
up of the problem.
I t  was not possible to converge the o p tim iza tio n  i f  the in le t  bed 
temperatures were allowed to vary. In a d d itio n , there  are th ree reasons 
why the bed in le t  temperatures were excluded from the set o f independent 
v a r ia b le s . The e ffe c t  o f temperature on the reac tio n  ra te  and on the 
o v e ra ll conversion is  very involved as in d ica ted  by the discussion given 
above and as shown by the H arris  and Norman ra te  equation given in Fig­
ure 3-5 in Chapter I I I .  Second, the o b je c tiv e  function  is  form ulated in  
terms o f the bed depth and cross sectional area and does not e x p l ic i t ly  
include the in le t  tem peratures. The reac to r problem o b je c tiv e  function  
given in Figure 4-5 is ,
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V(x) = x5 ( x6 + x? + xg + xg ) (4 -4 )
where Xg is  the re ac to r cross sectional area and Xg, x^, Xg and xg are 
the in d iv id u a l bed depths. Consequently, i f  the bed in le t  temperatures  
are included as independent v a ria b le s  in the op tim iza tio n  problem, the 
algorithm  w i l l  attem pt to minimize the bed volume by maximizing the e f ­
fe c t o f the in le t  tem peratures, i . e .  fo r  a given bed volume the a lgo­
rithm  w i l l  use optimal in le t  temperatures to  meet the necessary 
conversion. Since the in le t  temperatures are not e x p l ic i t ly  included in  
the o b je c tiv e  function  the values o f the temperatures do not en ter in to  
the c a lc u la tio n  of the bed volume. The re s u lt  is  th a t the algorithm  
s p e c ifie s  a minimum bed volume and then uses the in le t  temperatures to  
obtain the most conversion possib le from th a t bed volume based on the 
e f fe c t  o f the in le t  tem peratures. The a lgorithm  w i l l  manipulate the 
temperatures instead of the volume dimension v a r ia b le s . O rd in a r ily ,  
th is  would be the desired e f fe c t ,  except th a t the bed in le t  temperature 
co n trib u tio n  is  so s ig n if ic a n t ly  n on linear and unpredictable th a t th is  
mechanism w i l l  never s tip u la te  s u f f ic ie n t  bed volume to meet the re ­
quired minimum conversion. Since the o b je c tiv e  is  to  fin d  the minimum 
bed volume fo r  o n -s p e c ific a tio n  conversion i t  is  necessary to re d ire c t  
the a lgorithm  so th a t the emphasis is  on the bed volume v a r ia b le s . F i­
n a lly  and most im p o rtan tly , the o p tim iza tio n  re s u lts  fo r  the whole acid  
p la n t ind ica ted  th a t the bed in le t  temperatures are very im portant to  
the o v e ra ll p lan t p r o f i t a b i l i t y .  I t  would make no sense from an o p t i­
m ization po in t o f view to obtain the optimum bed in le t  tem peratures fo r  
optimal p lan t operation and then not to include those temperatures in 
the design of the reac to r chain.
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The re s u lt  of th is  an alys is  is  th a t in terms o f implementing the op­
t im iz a tio n  search the in le t  bed tem peratures must be f ix e d . Since the  
pred icted  temperature e ffe c ts  are s ig n if ic a n t ,  the in le t  tem peratures 
must be fix e d  in order to force the a lgorithm  to seek out a r e a l is t ic  
minimum bed volume. Otherwise the a lgorithm  prescribes an in s u f f ic ie n t  
c a ta ly s t volume and makes up the needed conversion through re lia n c e  upon 
an u n re a lis t ic  c o n trib u tio n  from in le t  temperature modulation. The 
above comments should suggest th a t the reac to r model has an immensely 
complex non linear behavior.
I t  is  possible to apply both SLP and SQP algorithm s to th is  reactor  
problem. The SLP a lgorithm  can be applied  by lin e a r iz in g  the o b jec tive  
function  and u t i l i z in g  the same c o n stra in ts  th a t were used fo r  the GRG 
approach. The SQP algorithm  can be app lied  by incorporating  a BFGS up­
date to a quadratic  model i n i t i a l l y  formed w ith  the id e n t ity  m atrix . 
The re s u lts  o f the SLP approach are shown in Table 4-19 and the re s u lts  
of the SQP a lgorithm  are given in Table 4 -20 . I t  is  im portant to note 
th a t the SQP needed two less sim ulations in the l in e  search only because 
the second lin e  search evalu atio n  happened to be the optimum. This is  
com pletely co incidenta l and does not r e f le c t  a g re a te r e f f ic ie n y  in the 
SQP a lgorithm  in th is  case.
The complete re s u lts  o f the reac to r problem are l is te d  in Table 4 -21 . 
The comparison o f the a p p lic a tio n  o f the GRG a lgorithm  from four d i f f e r ­
ent s ta r t in g  points has already been considered. The re s u lts  fo r  the  
ap p lic a tio n  o f SLP, SQP and GRG a l l  s ta rt in g  from PTR2 in d ic a te  th a t fo r  
th is  problem these th ree techniques show the same e ff ic ie n c y . A ll th ree
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Table 4-19. Minimum Reactor Volume SLP Search from Point PTR2
Step
I.D .
Bed
Area
( f t 2 )
x5
Bed 1 
Depth
( f t )
x6
Bed 2 
Depth 
( f t )  
x7
Bed 3 
Depth
( f t )
X8
Bed 4 
Depth 
( f t )  
X9
Reactor 
Volume
( f t 3 )
Conversion 
( lb  m o l/h r) 
y8
BASE 800 0.75 0.75 0.75 0.75 2,400 1352
SOI 981 0.90 0.90 0.50 0.90 3,139 1442
BAS El 981 0.90 0.90 0.50 0.90 3,139 1442
S10 1100 0.92 0.85 0.45 0.95 3,487 1468
Q 1(0 .0 ) 1045 0.87 0.81 0.43 0.90 3,145 1437
Q2(0 .6 ) 1078 0.90 0.83 0.44 0.93 3,342 1459
Q3(0 .8 ) 1089 0.91 0.84 0.44 0.93 3,443 1463
*Q 4(0 .9 ) 1095 0.92 0.85 0.45 0.95 3,471 1467
Bed in le t temperatures set a t (800 , 810, 850, 825) F
* Minimum re ac to r volume fo r  on s p e c if ic a tio n  conversion. 
( ) Line search parameter a
Table 4 -20 . Minimum Reactor Volume SQP Search from Point PTR2
Bed Bed 1 Bed 2 Bed 3 Bed 4 Reactor
Step Area Depth Depth Depth Depth Volumn Conversi on
I.D . ( f t 2 ) ( f t ) ( f t ) ( f t ) ( f t ) ( f t 3) ( lb  m ol/h r)
x5 x6 x7 x8 x9 y8
BASE 800 0.75 0.75 0.75 0.75 2,400 1352
SOI 833 0.75 1.00 1.00 0.75 2,916 1447
BAS El 833 0.75 1.00 1.00 0.75 2,916 1447
S10 866 0.75 1.25 1.00 1.00 3,464 1474
Q 1(0 .0 ) 823 0.71 0.94 0.95 0.95 2,922 1446
*Q 2 (0 .6 ) 845 0.73 1.09 0.98 0.98 3,194 1465
Bed in le t  temperatures set a t (800 , 810, 850, 825) F 
* Minimum re ac to r volume fo r  on s p e c if ic a tio n  conversion. 
( ) Line search parameter a
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Tabl e 4 -21 . Comparison of Reactor Problem O ptim ization Results
S ta rtin g O ptim ization
Optimal
Reactor Base Step Total
Point A lgorithm Vo 1 ume( f t '* ) Poi nts Poi nts S im ulati ons
BASE GRG 4275 3 9 24
PTR2 SLP 3471 2 6 16
PTR2 SQP 3194 2 4 14
PTR2 GRG 3179 2 6 16
PTR3 GRG 3192 2 6 16
PTR4 GRG 3361 1 6 11
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approaches needed two base p o in ts , two step points and one quadratic  
l in e  search. This equivalency in d ica tes  th a t the re ac to r problem is one 
th a t is  s u ita b le  to a l l  th ree techniques. Note th a t the o b jec tive  func­
tio n  is  quadratic  in bed dimensions such th a t GRG is  not favored and SLP 
is  not hampered as i t  would be i f  the o b je c tiv e  function  were severely  
nonli near.
There are many fe a s ib le  points th a t s a tis fy  the conversion con­
s t r a in t .  A ll th ree  algorithm s when s ta rted  at the same po in t w ith  the 
same d e r iv a tiv e  inform ation term inated at d if fe r e n t  but close po in ts . 
SQP from PTR2 and GRG from points PTR2 and PTR3 a rriv e d  at e s s e n tia lly  
the same optimum p o in t. SLP did not reach the optimum but came w ith in  
about 9% of the minimum before stopping. The GRG search from PTR4 
stopped a t a d if fe r e n t  optimum due to the d if fe r e n t  bed in le t  temper­
atures used.
A comparison of the optimal bed volume dimensions given in Tables 
4-1 5 , 4-19 and 4-20 in d ic a te  s lig h t  d iffe re n c e s  in the c a ta ly s t d is t r ib ­
u tion fo r  the four beds. Even though the th ree algorithm s performed at
an equ iva len t e f f ic ie n c y , they did not reach the same optimum. The GRG
3
algorithm  pred icted  a to ta l bed volume of 3 ,179 f t  compared to 3,194  
f t^  fo r  the SQP search and 3,471 f t^  fo r the SLP approach. These re ­
s u lts  r e f le c t  the g rea te r s e n s it iv ity  of the GRG a lgorithm  to the non- 
l in e a r i t ie s  o f the reac to r problem as expressed through the bed 
conversion c o n s tra in t equations. This s e n s it iv ity  is  due to the respon­
siveness o f the GRG a lgorithm  to the magnitudes o f the d e r iv a tiv e  ap­
proxim ations. As might be expected, the SQP was s im ila r  to the GRG
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a lgorithm  whereas the SLP approach was le a s t s e n s itiv e  to the nonlinear 
nature o f the problem. Table 4-21 also shows th a t fo r  th is  problem the 
in fe a s ib le  approach was fa r  more e f f ic ie n t  than the fe a s ib le  search. I t  
is  also s ig n if ic a n t  to note th a t these optim iza tio n  studies in d ica te  
th a t <3,500 f t^  is  s u ff ic ie n t  c a ta ly s t to meet the prescribed conversion
3
requirements whereas the base case design u t i l iz e d  10,161 f t  .
The searches lis te d  in Tables 4-14 through 4-21 in d ic a te  th a t the 
SLP, SQP and GRG algorithm s performed a t s im ila r  le v e ls  of e f f ic ie n c y , 
SQP and GRG found the same optimum, and SLP stopped w ith in  9% of the op­
timum. These techniques u t i l i z e  a non linear o b je c tiv e  function and l i ­
nearized co n stra in ts  generated from f in i t e  d iffe re n c e  approximations of 
the flowsheet model. The successive movement o f search points uses hew 
approximations of the co n s tra in t m atrix  in the successive so lu tion  of 
the lin e a r iz e d  problems. The s ig n ifican ce  of th is  re ac to r volume prob­
lem is  th a t SLP, SQP and GRG search algorithm s can be used successfu lly  
fo r  flow sheeting design problems.
D Comparison With Other In v e s tig a to rs ' Results
D -l Large Scale S im u latio n -O p tim izatio n  Studies
Chapter I  and Chapter I I  showed th a t SLP, SQP and GRG are the three  
c u rre n tly  most e f fe c t iv e  non linear programming techniques fo r  larg e  con­
stra ined  problems and gave a d e s crip tio n  of these th ree techniques along 
w ith  th e ir  use by previous in v e s tig a to rs . The re s u lts  o f applying SLP, 
SQP and GRG to flow sheeting problems have been presented e a r l ie r  in th is
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chapter. The fo llo w in g  paragraphs w i l l  compare these re s u lts  w ith  those 
of Hughes and co-workers and others who have c a rrie d  out extensive work 
w ith  SQP.
P revio u sly , most of the successive quadratic  programming approaches 
have involved the decomposition o f models and the use o f u n it pertu rb a­
tio n s  to obtain  g rad ien t approxim ations. Consequently, much of the cpu 
time fo r  the implementations o f SQP to date is  associated w ith  generat­
ing the approximations fo r  the d e r iv a tiv e s  and in some cases fo r  the ob­
je c t iv e  fu n c tio n . Full sim ulations are only performed a t new base
points i f  a t a l l .  Consequently, Hughes(3) has defined the sim ulation
time eq u iv a le n t, STE, to re la te  the cpu time required fo r  the op tim iza­
tio n  to the to ta l number o f sim ulations required by the algorithm  to 
reach the optimum. The STE is  the r a t io  o f to ta l cpu time used fo r  the 
optim iza tio n  to the time requ ired  fo r  the sim ulation a t the optimum 
p o in t. Thus, the STE represents the average number of sim ulations re ­
quired per o p tim iza tio n , and the v a l id i ty  o f th is  representation  depends 
on the sim ulation time at the optimum being rep re s e n ta tiv e  o f the aver­
age times o f the sim ulations from the s ta rt in g  po in t to the optimum and 
the cpu time used by the o p tim iza tio n  alg o rith m . The STE is  a parameter 
th a t allows fo r  the comparison o f the same o p tim iza tio n  problem using 
d if fe r e n t  hardware and software systems.
The re s u lts  reported e a r l ie r  fo r  the acid p la n t o p tim iza tio n  are a l l  
based upon f u l ly  converged sim ulations. The cpu time required o f any 
one acid p lan t s im ulation varied  from 30 to 80 cpu seconds; th e re fo re  
the re s u lts  o f the acid p la n t o p tim iza tio n  are reported as the to ta l
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number of sim ulations requ ired . A lso, the computational e f f o r t  associ­
ated w ith  d e r iv a tiv e  approximations is  d ir e c t ly  proportional to the num­
ber of independent v a r ia b le s . T herefore , a new parameter is  introduced  
as sim ulations per independent v a r ia b le  or S IV. This parameter normal­
izes the sim ulation work demanded to a per v a r ia b le  bas is . I t  is  de­
fin ed  as the to ta l cpu time fo r  the o p tim iza tio n  inc lud ing  non 
sim ulation cpu time expressed as sim ulation time equ iva len ts  d iv ided  by 
the number o f independent v a r ia b le s . This parameter a llows the compar­
ison of d if fe r e n t  o p tim iza tio n  problems using d if fe r e n t  hardware and 
software systems.
In Table 4-22 the re s u lts  o f th is  research are compared w ith  those of 
Parker and Hughes(2) and of B ieg le r and Hughes(3,4). This ta b le  is  very 
ambitious in th a t i t  is  l is t s  six d if fe r e n t  p la n t problems using th ree  
d if fe r e n t  sim ulators and fourteen d if fe r e n t  o p tim iza tio n  a lgorithm s. 
The acid p lan t s im ulations of th is  study requ ired  an average o f 55 cpu 
seconds on the IBM 3081, and the re ac to r design problem of th is  study 
u t i l iz e d  about 6 seconds per s im u la tio n . The propylene c h lo r in a tio n  of 
B ie g le r and Hughes used 5.1 seconds on a Univac 1100/82 to sim ulate the 
optimum. The ammonia synthesis loop o f Parker and Hughes requ ired  36 
seconds on an IBM 370/168.
The four algorithm s o f B ie g le r and Hughes(4), RFV, CFV, IPOSEQ, and 
Q/LAP, are versions o f successive quadratic  programming. A ll four tech ­
niques are based on the WHP SQP algorithm  and use a BFGS update to de­
velop the Hessian m atrix  as described in Chapter I I .  To r e ite r a te  
b r ie f ly ,  the methods d i f f e r  in the s tra te g ie s  used fo r  function  and g ra-
Reproduced with perm ission o f the copyright owner. Further reproduction prohib ited w ithout permission.
263
Table 4 -22 . Comparison of P lan t Scale Flowsheeting 
O ptim ization Studies
Total
Process
Problem
FIowsheet 
System
Optimi z a t i  on 
A lgorithm
Sim ulations  
(Base P o in ts) S IV 's
Average 
CPU (min)
Acid ChemShare SLP 2 6(3 ) 4.33 23.83
PI ant SLP-Vector 14(1) 2.33 12.83
Search
SQP 14(1) 2 .33 12.83
GRG 26(3 ) 4.33 23.83
GRG-Vector 14(1) 2.33 12.83
Search
High ChemShare SLP-Vector 43 (5 ) 7 .17 39.41
Pressure Search
Steam
V ariab le Chemshare SLP-Vector 26 (3 ) 4.33 23.83
Steam Search
Steep Ascent 45 (5 ) 7 .50 41.25
-F ibonaci
Steep Ascent 45 (5 ) 7 .50 41.25
-Q uadratic
#Propylene SPAD SQP -  RFV *30 (1 2 ) 3.33 2.55
C h lo r i- SQP -  CFV *3 0 (2 0 ) 3.33 2.55
nati on SQP -  IPOSEQ *4 6 (3 9 ) 5.11 3.91
SQP -  Q/LAP *62 (1 0 ) 6 .89 5.27
'Ammonia FLOWTRAN SQP -  Q/LAP *6 4 (7 ) 7 .94 38.40
Synthesi s
Mi nimum ChemShare SLP -  Q uadratic 16(2) 3.02 1.60
Volume SQP -  Quadratic 14(2) 2 .80 1.40
Reactor GRG -  Q uadratic 16(2) 3.02 1.60
# From B ie g le r and H ughes(l). * Estimated from STE values.
1 From Parker and Hughes(2).
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d ien t e va lu a tio n s , quadratic  term fo rm u la tio n , and flowsheet conver­
gence. Q u a d ra tic /lin e a r  approximate programming (Q/LAP) used a 
converged process flow sheet fo r  each function  evalu atio n  but c a lcu la ted  
gradients from l in e a r  module models. The in fe a s ib le  path op tim iza tio n  
fo r  sequential modular sim ulators a lgorithm  (IPOSEQ) converged and o p t i­
mized sim ultaneously by s u b s titu tin g  an o p tim iza tio n  block fo r  the recy­
c le  convergence a lg o rith m . Function evalu atio n  and grad ien t  
approximations were performed by s ing le  passes through the c a lc u la tio n  
sequence. Both CFV and RFV used the same grad ien t evaluation  approaches 
as IPOSEQ but u t i l iz e d  converged flowsheets fo r  each function evalu ­
a tio n . The CFV a lgorithm  included te a r  streams in the quadratic  pro­
gram. RFV c a lcu la ted  reduced grad ien ts  and u t i l iz e d  the same quadratic  
program th a t was used by Q/LAP.
The process problem studied by B ie g le r and Hughes(4) was a propylene  
c h lo rin a tio n  process. The model u t i l iz e d  14 u n it  blocks and 25 streams. 
B ieg le r and Hughes termed the o p tim iza tio n  o f such a problem as large  
scale . By comparison, the acid p la n t model used 40 u n it  modules and 60 
streams, which should c la s s ify  the acid p la n t o p tim iza tio n  a t le a s t as 
la rge  scale.
The acid p lan t re ac to r design problem represents one f u l l  pass 
through the re ac to r chain . I t  u t i l iz e d  7 u n it  blocks and 8 streams, and 
i t  required about the same amount o f cpu tim e as the propylene c h lo r in a ­
tio n  sim u latio n , 6 seconds. The ammonia syntheis loop u t i l iz e d  26 u n it 
blocks and 31 streams and requ ired  about one h a lf  the cpu tim e o f the
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acid p la n t. I t  was o r ig in a lly  developed as a FLOWTRAN s im ulation exer- 
ci se.
The six problems l is te d  in Table 4-22 represent a range of scales, 
sim ulation codes, hardware systems, e tc . Using SIV as a measure of per­
formance, Table 4-22 in d ica tes  th a t the e f f ic ie n c ie s  of a l l  o f these a l ­
gorithms are s im ila r  ranging from 2 .8  to 7 .9  w ith  11 o f 17 in the 2 .3  to 
4 .3  range. A ll o f the SIV re s u lts  fo r  the th ree  acid  p la n t models and 
fo r  the minimum re ac to r problem are in th is  range. The th ree  algorithm s  
applied  to the acid p la n t model and to  the reac to r problem used f u l ly  
converged sim ulation models fo r  both function  and d e r iv a tiv e  e v a lu a tio n . 
The highest SIV ra tio s  observed were fo r  the high pressure and v a ria b le  
steam acid p lan t models w ith  the steepest ascent a lgorithm s and SLP, and 
fo r  the Q/LAP a lgorithm  applied  to the propylene c h lo r in a tio n  and the 
ammonia synthesis problem. The SIV re s u lts  fo r  the v a r ia b le  steam model 
acid p lan t showed the SLP a lgorithm  was superior to  the steep ascent 
method.
The SIV data also show the RFV and CFV algorithm s performed most e f ­
f ic ie n t ly  fo r  the propylene c h lo r in a tio n  problem. Based on an SIV value 
o f 3 .33  the SQP algorithm s of B ieg le r and Hughes, RFV and CFV, th a t used 
converged solu tions performed b e tte r  than those th a t used in fe a s ib le  
function e v a lu a tio n s , IPOSEQ w ith  an SIV value o f 5 .1 1 . The Q/LAP a lgo­
rithm  which used lin e a r  approximations to eva luate  d e r iv a tiv e s  had SIV 
values of 6 .89 and 7 .94 fo r  the c h lo r in a tio n  problem and the ammonia 
synthesis loop which are tw ice th a t o f RFV and CFV. This a lg o rith m 's  
performance was comparable to steepest ascent on the v a r ia b le  steam acid
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p la n t model and SLP on the high pressure steam model. The conclusions 
from the SIV an alys is  are th a t fo r  the problems studied the performance 
of SLP, SQP and GRG were comparable.
An in te re s tin g  eva lu a tio n  comes from a comparison o f the number of 
sim ulations and base points used in these stu d ies . The ch lo rin a tio n  
process required 60% more cpu time than the minimum reac to r volume prob­
lem as shown in Table 4 -22 . However, the c h lo r in a tio n  process involved  
almost tw ice as many v a r ia b le s . Nonetheless, the reac to r problem re ­
quired nearly  h a lf  the sim ulations and fa r  fewer base points than the 
best c h lo r in a tio n  o p tim iza tio n  re s u lts , i . e .  the RFV re s u lts . This pro­
v ides a comparison o f the RFV algorithm  which used unconverged d e riv a ­
t iv e  approximations w ith  SQP and the converged d e r iv a tiv e  SQP approach 
o f th is  study.
Comparing the acid p la n t and the propylene c h lo r in a tio n  re s u lts ,  
Table 4-22 shows th a t a l l  th ree  algorithm s app lied  to the acid p la n t re ­
quired the le a s t number of to ta l  sim ulations as w ell as the le a s t number 
o f base points or steps to the optimum. The RFV and CFV algorithm s on 
the propylene c h lo r in a tio n  problem each requ ired  4 more to ta l simu­
la tio n s  than SLP on the v a r ia b le  steam model, but needed 9 and 17 more 
base po ints re s p e c tiv e ly . The IPOSEQ algorithm  required the la rg e s t  
number o f base po ints fo r  these problems.
The' d iffe re n c e  between these algorithm s can be explained in p a rt by 
the methods used fo r  function  and d e r iv a tiv e  eva lu a tio n . Even though 
the SQP algorithm s of B ie g le r and Hughes needed more base points due to
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the use o f unconverged in fo rm atio n , the use of p a r t ia l  sim ulations fo r  
the eva lu a tio n  of d e r iv a tiv e s  requ ired  less to ta l  cpu time than the SLP 
a lgorithm  in which d e r iv a tiv e s  were c a lc u la te d  w ith  f u l l  s im ulations.
The Q/LAP a lgorithm  is  more s im ila r  to the SLP and GRG approaches as 
implemented in th is  p ro je c t in the sense th a t i t  uses f u l l  sim ulations  
fo r  fun ctio n  evaluations and c a lc u la te s  d e r iv a tiv e s  from com pletely con­
verged l in e a r  models. The Q/LAP a lgorithm  requ ired  a la rg e r  number of 
S IV 's  than the others because o f the use o f converged inform ation fo r  
function  and d e r iv a t iv e  e v a lu a tio n . The lin e a r  and quadratic  models 
th a t were used fo r  function and d e r iv a t iv e  approximation in a tw o - t ie r  
fashion by Q/LAP were converged s im ulation models. This approach lead  
to  a large number o f S IV 's , but fewer base points being required as com­
pared to the o ther SQP methods. The use of fe a s ib le  inform ation reduces 
the number o f extraneous search po in ts .
The IPOSEQ technique is  the most d i f fe r e n t  from the SLP and the GRG 
algorithm s as implemented here. I t  uses in fe a s ib le , p a r t ia l  sim ulation  
data both fo r  function  and d e r iv a t iv e  e v a lu a tio n s . This a lgorithm  was 
not as e f fe c t iv e  as most o f the others based on the SIV ra tio s  and the 
number o f base points requ ired . However, the cpu time fo r  function and 
d e r iv a t iv e  eva lu a tio n  is  reduced by the use o f an in fe a s ib le  approach. 
Thus, the o v e ra ll cpu time and the to ta l  number o f S IV 's  can be lower 
than i t  would be fo r  a fe a s ib le  search invo lv in g  the same number of base 
p o in ts . I f  the IPOSEQ approach had e x h ib ite d  the same r a t io  of the num­
ber o f base points to the to ta l  number of sim ulations as the RFV tech­
nique (1 2 :3 0 ) then the IPOSEQ search would have requ ired  roughly 98
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to ta l  sim ulations fo r  the 39 base points needed in the o p tim iza tio n  
ra th e r than 46.
The RFV and the CFV algorithm s f a l l  between the Q/LAP and the IPOSEQ 
approaches w ith  respect to th e ir  s im ila r ity  to the SLP and GRG algo­
rithm s used in th is  study. The RFV and CFV algorithm s required as many 
and more base po ints (10 and 20) than the com pletely fe a s ib le  Q/LAP a l ­
gorithm (1 0 ) and needed about h a lf  the to ta l  number o f sim ulations (30  
vs. 4 6 ). These two algorithm s represent the best trade o f f  between the 
use of fe a s ib le  and in fe a s ib le  in form ation fo r  the SQP algorithm s l i s t ­
ed.
A comparison o f the average cpu time fo r  these d i f fe r e n t  problems and 
algorithm s in d ica tes  th a t the most im portant consideration in the d e te r­
m ination o f how much cpu time w i l l  be required fo r  the o p tim iza tio n  is  
the size  and com plexity o f the s im ulation model and the sim ulation s o ft ­
ware and to a le s s e r degree the o p tim iza tio n  alg o rith m . Table 4-21  
shows th a t the cpu time needed fo r  each problem is  roughly equ iva len t 
fo r  a l l  th ree  algorithm s used when app lied  to the same problem. This is  
p a r t ic u la r ly  evident in the propylene c h lo r in a tio n  and in the reac to r  
design problems. Note the graphic d iffe re n c e  in cpu time requ ired  fo r  
the Q/LAP algorithm  app lied  to the c h lo r in a tio n  problem (5 .27m ins) ver­
sus the ammonia synthesis loop (38 .40m in s ). This comparison shows the 
importance o f stream lin ing  the s im ulation model to minimize the o v e ra ll 
cpu time requ ired .
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The conclusion to be drawn from these observations is  th a t the use of 
f u l ly  converged models reduces the number o f base points req u ired . A l­
though the use o f in fe a s ib le ,  p a r t ia l ly  converged s im ulation data to ap­
proximate function  and d e r iv a t iv e  values may reduce the cpu time 
requirements per a p p lic a tio n  o f the alg o rith m , the to ta l number o f simu­
la tio n s  and base po ints required by the search are l ik e ly  to increase. 
T h erefo re , i t  is  im portant to  eva luate  the r e la t iv e  time savings versus 
increased s im ulation requirem ents before an evaluation  on the o v e ra ll 
time requirements can be obtained fo r  a given in fe a s ib le  path approach.
Before presenting the next sec tio n , there is  one la s t  large  scale 
comparison th a t is  w arranted. The acid  p lan t model and the re s u lts  of 
the s im ulation presented above are based on the work o f Doering and 
G addy(15,16) mentioned in Chapter I I .  Although th e ir  work d i f fe r s  s ig ­
n i f ic a n t ly  from the work reported here, nonetheless there are s u ff ic ie n t  
s im ila r i t ie s  to ju s t i f y  a comparison o f the two. Table 4-23 l i s t s  se­
veral o f the re le v a n t c h a ra c te r is tic s  o f these two acid p la n t s tud ies . 
Doering based h is  research on the Monsanto contact s u lfu r ic  acid process 
which uses m e ta llu rg ic a l gas as the SC  ^ feed. The Freeport p lan t uses 
molten s u lfu r  as the feed to the burner.
Table 4-23 shows th a t these two studies were based upon d if fe r e n t  ob­
je c t iv e s , the Doering work sought to optim ize the design o f a new acid  
p la n t whereas the Freeport work sought to f in d  optimal operating parame­
te rs  fo r  an e x is tin g  p la n t. The Doering model included c a ta ly s t bed 
loadings as independent v a ria b le s  and the Freeport s im ulation held the
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Table 4 -23 . Comparison o f the Freeport Acid Plant w ith  the  
Monsanto Enviro-Chem P lant
Monsanto Freeport
Enviro-Chem P lant
Flowsheet!- ng 
System
PROPS CnemShare
O ptim ization  
Model Type
Design Sim ulation
O ptim ization  
A lgori thms
Adaptive Random 
Search
SLP, SQP, GRG
Number of
Independent
V ariab les
6 6
Number of 
Dependent 
V ariab les
6 7
CPU Seconds 
per I t e r a t io n
3 10
O ptim ization  
Run Time (m in)
5-15 13-24
(4 -7 ) *
Base Case Net 
P r o f it  (S /y r )
3 ,452 ,000
(97.1% )
5,518,224
(98.6% )#
Optimal Net 
P r o f it  (S /y r )
3 ,491 ,000
(97.8% )
7,702,429
(99.1% )#
Improvement in  
Net P r o f it  (%)
1.12 39.58
* These are the run times norm alized fo r  the d iffe re n c e  in the 
sim ulation cpu times between the PROPS and ChemShare models.
# These are the conversions p red icted  fo r  these base case models.
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bed dimensions constant. The data presented fo r  the optimal Monsanto 
plan t comes from the o p tim iza tio n  of Doering1s base case model.
The sim ulation run times in d ic a te  th a t the Monsanto model run on the 
PROPS system required s ig n if ic a n t ly  less tim e then the Freeport model 
run on the ChemShare system. This is  a t tr ib u te d  to the g re a te r complex­
i t y  and computational overhead associated w ith  the ChemShare system. 
The o p tim iza tio n  run times fo r  the adaptive random search algorithm  of 
Doering and Gaddy were lower then those fo r  the SLP, SQP and GRG a lgo­
rithm s app lied  to the Freeport model. This also is  a ttr ib u te d  to  the 
g rea te r cpu requirements observed w ith  the ChemShare system. However, 
i f  the run times are adjusted fo r  th is  d iffe re n c e  then the range fo r  the  
Freeport model becomes a l i t t l e  b e tte r  then th a t o f the Monsanto model 
as shown by the values in parentheses, i . e .  4-7 minutes compared to 5-15  
minutes. The re s u lts  o f the net p r o f i t  comparison show th a t the design 
is  operating a t near optimum conditions as pointed out by Doering and 
Gaddy(1 5 ,1 6 ). The d iffe re n c e  in net p ro f its  is  in p art due to the d i f ­
fe re n t fac to rs  included in the economic c a lc u la tio n s  fo r  the design 
problem versus the s im ulation problem. The Freeport re s u lts  show th a t  
there is  g re a te r opportun ity  fo r  improvement through m anipulation of the  
operational parameters used in th a t study, i . e .  a i r  feed ra te  and bed 
in le t  tem peratures. In fu r th e r  studies beyond the base case, Doering 
and Gaddy(16) observed g rea te r improvements in the net p r o f i t  when they  
reduced the d ilu t io n  a i r  feed ra te  and thereby reduced the a i r  feed ra te  
through the process. In  those studies Doering and Gaddy(16) observed a 
conversion o f 98.0% which improved the net p r o f i t  20.1% over the base 
case. This has the same e f fe c t  as reducing the a i r  feed ra te  and agrees
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w ith  the optimum found fo r  the Freeport p lan t in which the a i r  feedrate  
was held a t i t s  lowest va lue.
In summary, although th ere  are s ig n if ic a n t  d iffe re n c e s  in the Monsan­
to and Freeport models and in the o b je c tiv e  of the o p tim iza tio n , the op­
tim iz a tio n  problems were o f s im ila r  s ize  and scope and the o p tim iza tio n  
algorithm s performed a t s im ila r  le v e ls  o f e f f ic ie n c y . Less improvement 
in the net p r o f i t  was observed fo r  the design problem then fo r  the simu­
la t io n  problem which shows th a t the design conditions are near optimal 
whereas the operational cond itions are not.
D-2 Small Scale O ptim ization  Studies -  The Flash Model
One of the d i f f i c u l t i e s  in comparing the various studies lis te d  in 
Table 4-21 is  th a t each study employed a d i f fe r e n t  process problem. A l­
though the observations made above are le g it im a te , i t  would be in te re s t ­
ing to  compare the th ree  algorithm s on the same problem. In order to 
make such a comparison, an a d d itio n a l study was performed on the simple 
fla s h  problem th a t was used by B ie g le r and Hughes(3) to in v e s tig a te  
th e ir  SQP a lgorithm s.
The process is  the ad ia b a tic  fla s h  o f a hydrocarbon stream composed 
of six l ig h t  hydrocarbons ranging from propane to  pentane as shown in 
the fla s h  problem flo w ch art in  Figure 4 -7 . A s p l i t  f ra c tio n  between 0 .2  
and 0 .8  is  allowed and the fla s h  pressure could range from 10 to 50 
ps ia . The im portant fla s h  problem v a ria b le s  are lis te d  in Figure 4 -8 . 
The economic model and c o n stra in ts  are given in Figure 4 -9 , a complete
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Figure 4-8. Important Variables in the Adiabatic Flash Problem
V ariab le V ariab le  Type V ariab le  Id e n t ity
X1 Independent Recycle s p l i t  fra c tio n
x2 Independent A d iabatic  fla s h  pressure, psia
y l Dependent Propane overhead f lo w ra te , lbm ol/h r
y 2 Dependent 1-Butene overhead f lo w ra te , lbm ol/h r
y 3 Dependent n-Butane overhead f lo w ra te , lbm ol/hr
y 4 Dependent t-2 -B utene overhead f lo w ra te , lbm ol/h r
y 5 Dependent c-2-Butene overhead f lo w ra te , lbm ol/h r
y6 Dependent n-Pentane overhead f lo w ra te , lbm ol/hr
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Figure 4-9. Flash Problem Economic Model
Linear O b jective  Function 
Maximi z e :
f ( y )  = y 1
Nonlinear O b jective  Function 
Maximi z e :
f ( y )  = y i 2y2‘ y i 2_y32+y4 'y 5!5
Subject to:
0 . 2 < X1
< 0 . 8
1 0 . < x2
< 50.
0 . < y l < 1 0 .
0 . < y 2
< 15.
0 . < y 3
< 2 0 .
0 . y 4 2 0 .
0 . y 5 2 0 .
0 . < y 6 < 1 0 .
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d es c rip tio n  o f the problem is  given in the p u b lic a t io n (3 ) , and the 
ChemShare problem code is  lis te d  in Appendix R. The numerical re s u lts  
fo r  the searches are given in Appendix S.
The two independent va ria b le s  are the recycle  s p l i t  fra c tio n  and the 
a d ia b a tic  fla s h  pressure. A lso, there  are six dependent va ria b le s  which 
are the hydrocarbon overhead flo w ra tes  fo r  th is  problem. Two d if fe r e n t  
o b je c tiv e  functions were used fo r  these v a r ia b le s . The f i r s t  o b jec tive  
function is  to maximize the recovery of propane in the fla s h  overhead, 
y^. The second o b je c tiv e  function is  an a rb it ra ry  non linear combination 
of the f i r s t  f iv e  components in the fla s h  overhead. The f i r s t  o b jec tive  
is  lin e a r  and the second has a sharp, curving rid g e . A lso, two s ta rt in g  
points were used at (0 .4 ,3 0 )  and a t ( 0 .5 ,4 0 ) .
The ChemShare sim ulation o f the fla s h  problem required between 2 .0  
and 4 .0  seconds of cpu time on the IBM 3081 as shown in Table 4 -24 , on 
the average a l i t t l e  more than the SPAD sim ulation on the UNIVAC 1100/82  
u t i l iz e d  by B ieg le r and Hughes(3). The SPAD s im ulation required between 
0.675 and 2 .6  seconds to sim ulate the fla s h  problem. The s ta r t in g  point 
fo r  the sim ulations were the same except fo r  a minor d iffe re n c e  in the 
pred icted  overhead flow  due to the use o f s l ig h t ly  d if fe r e n t  thermody­
namic c o rre la tio n s . The l in e a r  o b jec tive  problem was solved v ia  the SLP 
alg o rith m . The ridge problem was solved both w ith  the SLP algorithm  and 
w ith  the GRG alg o rith m . The re s u lts  o f th is  study give a comparison 
w ith  B ie g le r and Hughes SQP algorithm s, Q/LAP, RFV, CFV, and IP0SEQ, of 
Table 4 -22 .
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Table 4-24. Comparison of Adiabatic Flash Optimization Results
O bjecti ve 
Functi on
S ta r t i ng 
Poi nt
Optimi z a t i on 
Algorithm S U
CPU (sec) 
at Optimum
Optimum 
Poi nt
Li near 0 .4 .3 0 SLP 1 0 4.10 0 . 2 , 1 0
CFV 5 0 2.56 0 . 2 , 1 0
RFV 4 0 2.56 0 . 2 , 1 0
IPOSEQ 3 5 2.56 0 . 2 , 1 0
Q/LAP 1 0 2.56 0 . 2 , 1 0
GRG 1 0 4.10 0 . 2 , 1 0
Li near 0 .5 ,4 0 SLP 1 0 4.10 0 . 2 , 1 0
CFV 4 1 2.56 0 . 2 , 1 0
RFV 4 0 2.56 0 . 2 , 1 0
IPOSEQ 3 5 2.56 0 . 2 , 1 0
Q/LAP 5 3 2.56 0 . 2 , 1 0
GRG 1 0 4.10 0 . 2 , 1 0
Nonli near 0 .4 ,3 0 SLP 0 1 2.83 0 45 ,2 5 .0
CFV 4 7 0 . 6 8 0 8 0 ,2 2 .8
RFV 4 0 0 . 6 8 0 8 0 ,2 2 .8
IPOSEQ 2 1 0 . 6 8 0 8 0 ,2 2 .8
Q/LAP 2 2 0 . 6 8 0 8 0 ,2 2 .8
GRG 1 0 2.83 0 8 0 ,2 3 .4
Non!i near 0 .5 ,4 0 SLP 0 1 2.83 0 .4 5 ,2 5 .0
CFV 2 0 0 . 6 8 0 8 0 ,2 2 .8
RFV 2 2 0 . 6 8 0 8 0 ,2 2 .8
IPOSEQ 2 0 0 . 6 8 0 8 0 ,2 2 .8
Q/LAP 1 0 0 . 6 8 0 8 0 ,2 2 .8
GRG 1 0 2.83 0 .8 0 ,2 2 .3
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Table 4-24 l is t s  the comparison of the six non linear programming a l ­
gorithms as applied  to th is  flash  problem. The S:U column is the number 
of successful op tim iza tio n  runs and unsuccessful runs. This category  
re s u lts  from the use of scaling fa c to r  sets w ith  the SQP algorithm s. 
The scaling of the a e r iv a tiv e  m atrix  is neccessary to m aintain a posi­
t iv e  d e f in ite  Hessian m atrix . The CPU at the OPTIMUM column is  a l i s t  
of the to ta l cpu time required to sim ulate the fla s h  problem a t the op­
timum p o in t. The OPTIMUM POINT column l is t s  the values of the s p l i t  
fra c tio n  and the flash  pressure a t the o b jec tive  function maximum.
The S:U re s u lts  show the SLP algorithm  was successful when applied  to 
the lin e a r  o b je c tiv e  function but term inated at a ridge po in t when ap­
p lie d  to the non linear problem. This resu lted  from the s e v e rity  of the 
nonlinear o b je c tiv e  function and the inaccuracy o f representing th is  
function as l in e a r . A lso, due to the d if fe r e n t  thermodynamic s p e c if ic a ­
tio n s  of the ChemShare system there is  a ridge maximum th a t the SLP 
could not overcome. The GRG algorithm  was successfu lly  app lied  to the 
nonlinear problem from both s ta rt in g  p o in ts . The re s u lts  fo r  the SQP 
techniques as reported by B ieg le r and Hughes(3) show th a t CFV and RFV 
had 17 successful searches and one fa i lu r e  on the l in e a r  o b je c tiv e  func­
tio n  and had 12 successful searches and 9 fa i lu re s  on the nonlinear ob­
je c t iv e  fu n c tio n . The fa i lu re s  were due to poor s c a lin g . The IPOSEQ 
and Q/LAP algorithm s were less e f fe c t iv e .
The re s u lts  in the CPU column in d ic a te  th a t the SPAD sim ulations of 
B ieg le r and Hughes(3) took about one h a lf  the cpu time of the ChemShare 
sim ulations fo r  th is  problem. The SPAD program uses simple thermoaynam-
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ic  equations of s ta te  s p e c if ic a l ly  to reduce computer tim e. Also, the 
SPAD system is  an academic program, and i t  is  not as e lab o rate  as the 
commercial ChemShare program.
Scaling is  the procedure used to ad just several tuning parameters fo r  
e f f ic ie n t  performance. The scaling vector is  m u lt ip lie d  times or d i ­
vided in to  the design v a ria b le s  and the o b je c tiv e  and co n s tra in t g ra d i­
ent functions thereby a lte r in g  the i n i t i a l  conditions o f the 
o p tim iza tio n  problem. Scaling is  performed fo r  several reasons. I f  the  
g rad ien t vectors have elements th a t range w idely in magnitude, then ac­
cumulation of roundoff e rro r  can cause the sm aller elements to be under­
emphasized. I f  the grad ien ts  are too la rg e , then the updating of the  
Hessian m atrix  can re s u lt  in an i l l -c o n d it io n e d  m atrix  in the quadratic  
programming step. F in a lly ,  the use o f the id e n t ity  m atrix  as an i n i t i a l  
approximation fo r  the Hessian m atrix  may be a poor choice re s u ltin g  in 
slow progress i n i t i a l l y  or even a search d ire c tio n  th a t causes the lin e  
search to f a i l .  Proper scaling can prevent these problems.
As mentioned above, optimal scaling can g re a tly  a f fe c t  the success of 
a SQP search by i t s  e f fe c ts  on the i n i t i a l  search step. To show the e f ­
fe c t  of scaling fac to rs  on the performance of the SQP a lgorithm s, two 
comparisons of the fla s h  re s u lts  are shown in Tables 4-25 and 4 -25 . The 
sim ulation time equ iva len t parameter as defined by Hughes was used to  
compare the performances o f the various algorithm s. Table 4-25 compares 
the performances of the SLP and GRG algorithm s w ith  the best re s u lts  
from the SQP techniques. These best re s u lts  represent the performances 
of the SQP algorithm s w ith  the best observed sca lin g . Table 4-26 com-
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Table 4-■25. Comparison of A d iab a tic  Flash O ptim ization  Results
Best SOP Sic a li ng
O bjecti ve S ta r t i  ng O ptim ization Total Base
Function Poi nt A lgorithm CPU (sec) Points STE's
Linear 0 .4 ,3 0 SLP 17.6 2 5.0
CFV 7.7 3 3.0
RFV 5.0 2 1.9
IPOSEQ 6.7 5 2 . 6
Q/LAP 6 .4 2 2.5
GRG 17.6 2 5.0
Li near 0 .5 ,4 0 SLP 17.6 2 5.0
CFV 5 .8 2 2.3
RFV 4 .6 2 1 . 8
IPOSEQ 6 . 6 5 2 . 6
Q/LAP 7.1 2 2 . 8
GRG 17.6 2 5.0
Nonli near 0 .4 ,3 0 SLP _ _ _
CFV 2 2 .2 11 33.0
RFV 13.2 7 19.6
IPOSEQ 17.4 14 25.6
Q/LAP 12 .8 6 19.0
GRG 23.4 3 9 .0
Nonlinear 0 .5 ,4 0 SLP
CFV 39.4 17 58.4
RFV 26.9 9 39.4
IPOSEQ 12.9 10 19.1
Q/LAP 29.0 10 42.9
GRG 23.4 3 9.0
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Table 4 -26 . Comparison of A d iabatic  Flash O ptim ization  R esults, 
Worst SQP Scaling
O bjective S ta rtin g O ptim ization Total Base
Function Poi nt A lgorithm CPU (sec) Poi nts STE's
Li near 0 .4 ,3 0 SLP 17.6 2 5.0
CFV 13.8 6 5 .4
RFV 7 .9 5 5 .0
IPOSEQ 27.6 24 10.7
Q/LAP 6 .4 2 2 .5
GRG 17.6 2 5 .0
L inear 0 .5 ,4 0 SLP 17.6 2 5.0
CFV 15.8 3 1 0 .0
RFV 6 . 8 3 2 .7
IPOSEQ 23.9 21 9 .3
Q/LAP 2 0 .1 9 7 .9
GRG 17.6 2 5 .0
Nonli near 0 .4 ,3 0 SLP _ _ _
CFV 43.9 22 65.0
RFV 2 0 . 2 9 39.3
IPOSEQ 19.0 16 28.2
Q/LAP 14.9 7 2 0 . 0
GRG 23.4 3 9 .0
Nonlinear 0 .5 ,4 0 SLP
CFV 48.2 24 71.5
RFV 28.5 11 42 .2
IPOSEQ 22.9 19 33.8
Q/LAP 29.0 10 42.9
GRG 23.4 3 9 .0
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pares the re s u lts  of the SLP and GRG techniques w ith  the worst scaled 
SQP runs.
For the SLP and GRG algorithm s, the o p tim iza tio n  code required about 
the same amount o f time as did one s im u la tio n . Thus, the 5 sim ulation  
time eq u iv a le n ts , STE's, fo r  the so lu tion  of the l in e a r  problem w ith  the 
SLP a lgorithm  include one base s im u la tio n , two f in i t e  d iffe re n c e  simu­
la t io n s , one MINOS LP sim ulation and one s im ulation a t the optimum. For 
the l in e a r  problem the average s im ulation time was 3 .5  seconds using the 
ChemShare package and a 2 .6  seconds using the SPAD program. For the 
nonlinear problem the ChemShare program had a sim ulation time of 2 .6  
seconds, and the SPAD program was 0.675 seconds of cpu tim e.
For the lin e a r  o b je c tiv e  function  the re s u lts  of Table 4-25 in d ic a te  
th a t the ChemShare system and SLP required a t le a s t tw ice as much cpu 
tim e as the SQP techniques. In ad d itio n  the STE values o f the w ell sca­
led SQP runs were about one h a lf  the SLP va lue. However, the SLP a lgo­
rithm  requ ired  the fewest number of base p o in ts . B a s ic a lly , the SLP 
algorithm  performed as w ell as the best SQP approaches, but the ChemS­
hare system required more computer tim e fo r  s im ulations than the SPAD 
program.
For the re s u lts  of the non linear problem shown in Table 4-25 the GRG 
algorithm  had one h a lf  the sim ulation equ iva len ts  and base points of the 
SQP algorithm s but required more cpu tim e. This discrepancy in cpu 
usage is  due to the fa c t th a t B ie g le r and Hughes' model only needed 
0.675 seconds to sim ulate the optimum compared to the 3 .5  seconds fo r
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the ChemShare problem. How such an improved sim ulation time compared to 
the lin e a r  model was achieved by B ie g le r and Hughes is  not c le a r .
Table 4-26 is  a comparison of the poorly scaled SQP o p tim iza tio n  runs 
w ith  the SLP and GRG re s u lts . The l in e a r  problem data shows th a t the  
SLP and SQP algorithm s were comparable. The SLP run had the lowest num­
ber of base points and among the lowest STE requirem ents.
The to ta l  cpu time comparison in d ica tes  th a t these SQP runs were much 
more time consuming than the best re s u lts  l is te d  in Table 4 -25 . In  some 
cases they exceeded the to ta l time requirements o f the SLP run using the 
more e lab o ra te  ChemShare sim u latio n .
The n on linear problem re s u lts  lis te d  in Table 4-26 show th a t the GRG 
algorithm  was superior to the SQP approaches in terms of the number of 
base po ints and STE's req u ired . The SLP a lgorithm  was app lied  to the 
nonlinear problem, but was unsuccessful in reaching the optimum. The 
a lgorithm  s ta lle d  on a ridge po in t fo r  both of the s ta rt in g  points l i s t ­
ed in the ta b le .
The re s u lt  from th is  comparison is  th a t fo r  B e ig le r 's  work of a to ta l  
75 searches 27 were unsuccessful as a re s u lt  of sca lin g . There was one 
unsuccessful search fo r  SLP and none fo r  GRG. The generation of a s ig ­
n if ic a n t  number o f useless p o in ts , o ften as many as 30%, is  one o f the  
problems th a t has been observed w ith  SQP algorithm s. Although the well 
scaled SQP runs were successful and im pressive, c u rre n tly  there  is  no 
e f fe c t iv e  method fo r  predeterm ining ideal scaling fa c to r  sets.
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The SQP algorithm s of B ie g le r used unconverged sim ulations fo r  the 
evalu atio n  o f the d e r iv a tiv e s . The SLP and GRG approaches presented in 
Tables 4 -2 4 , 4 -25 , and 4-26 used converged sim ulations fo r  d e r iv a tiv e  
e va lu a tio n s . For a fu r th e r  comparisons among these various techniques, 
a d d itio n a l fla s h  problem in v e s tig a tio n s  were c a rrie d  out in which s ing le  
pass in form ation was used to approximate d e r iv a tiv e  data fo r  the SLP and 
the GRG searches. F u lly  converged models were used a t the base points  
and to obtain  i n i t i a l  te a r  stream values. Table 4-27 compares these SLP 
and GRG re s u lts  w ith  the best SQP re s u lts  reported by B ieg le r and 
Hughes.
The re s u lts  o f Table 4-27 show th a t the use o f the p a r t ia l  simu­
la tio n s  did  reduce the o v e ra ll cpu time requirements fo r  the SLP and the 
GRG algorithm s w ithout a f fe c tin g  the outcome of the searches. However, 
the cpu time fo r  the SQP techniques was s t i l l  less than fo r  SLP and GRG. 
This is  in p a rt due to the stream lin ing  of the SPAD sim ulation model and 
d iffe re n c e s  in the the SPAD and ChemShare flow sheeting softw are. Due to  
the s tru c tu re  of the ChemShare system, the time requirem ent fo r  one i n i ­
t i a l  pass was 1 .7 seconds, whereas subsequent passes requ ired  0 .3  sec­
onds. The overhead associated w ith  executing the ChemShare s im ulator  
g re a tly  dim inished the possib le time savings from one pass approxi­
mations.
Although the SQP methods required the le a s t number of i te r a t io n s , i t  
is  d i f f i c u l t  to draw any conclusions from th is  because o f d iffe re n c e s  in 
the way the ite ra t io n s  are c a lc u la te d , e .g . the in fe a s ib le  algorithm s  
count each new base po in t as one ite r a t io n .  The STE re s u lts  show th a t
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Table 4 -27 . Comparison of SQP and Single Pass
SLP and GRG A d iabatic  Flash Optimiz atio n  Results
O bjecti ve Optimi z a t i  on I t e r a t i  ons Total
Function Algorithm (Base P o in ts) CPU (sec) STE's
Linear SLP 17(2) 12 .1 2.9
CFV 2 7.7 3 .0
RFV 2 5.0 1.9
IPOSEQ 5 6.7 2 . 6
Q/LAP 2 6.4 2 .5
Nonli near CFV 11 2 2 .2 33.0
RFV 7 13.2 19.6
IPOSEQ 14 17.4 25.6
Q/LAP 6 1 2 .8 19.0
GRG 22(3 ) 2 0 .2 7 .8
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fo r  searches on the lin e a r  fu n c tio n , the STE requirements were about 
eq u iva len t in d ic a tin g  s im ila r  e f f ic ie n c ie s . For the ridge searches the 
GRG technique needed less than h a lf  as many STE's as the most e f f ic ie n t  
SQP technique l is te d  in the ta b le .
The conclusion of th is  comparison is  th a t fo r  the fla s h  problem the 
use of p a r t ia l  sim ulations fo r  d e r iv a tiv e  c a lc u la tio n  is  s a t is fa c to ry .  
However, th is  approach was not s a tis fa c to ry  w ith  the acid p lan t model as 
discussed in Chapter I I I .  The p a r t ia l  s im ulation approach did save some 
cpu time fo r  the SLP and GRG algorithm s as was the case fo r  the SQP a l ­
gorithms of B ieg le r and Hughes.
In summary, the SLP, SQP and GRG algorithm s in th is  research used 
converged sim ulations fo r  d e r iv a t iv e  and base po in t e v a lu a tio n s . The 
SQP algorithm s of Hughes and his students, on the other hand, made ex­
ten s ive  use o f "s in g le  pass" approximations th a t were not converged or 
they used s im p lif ie d  approximate models in the in te re s t  of e ff ic ie n c y  
and reduced computer tim e. G enera lly  the SQP algorithm s using approxi­
mate d e r iv a tiv e  in form ation requ ired  more base point eva luations and 
less to ta l cpu time to reach an optimum. However, they used a less so­
p h is tic a te d , academic flow sheeting system s p e c if ic a l ly  fo r  o p tim iza tio n , 
and they employed unconverged sim ulations fo r  d e r iv a tiv e  c a lc u la tio n s . 
The re s u lts  o f th is  comparison show th a t the SLP and GRG algorithm s per­
form as w ell as the SQP a lg o rith m s, th a t the SQP algorithm s generate  
more search points from unconverged models than the SLP and GRG a lgo­
rithm s using converged models.
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This concludes the comparison o f the small scale re s u lts . The next 
section presents a summary o f the o p tim iza tio n  re s u lts . This w i l l  in ­
clude an eva lu a tio n  of these fin d in g s  w ith  other research e f fo r ts .
D-3 Summary of O ptim ization  Results
The re s u lts  of the o p tim iza tio n  studies done in th is  research p ro je c t  
and the comparison o f those re s u lts  w ith  o ther researchers' work have 
been presented above. The fo llo w in g  paragraphs w i l l  summarize the con­
c lusions th a t have been drawn from these comparisons and w i l l  re la te  the 
recommendations th a t re s u lt  from th is  work to o ther research c u rre n tly  
underway and other methodologies proposed in the l i t e r a tu r e .
In th is  research the contact s u lfu r ic  acid p la n t was modeled using 
the ChemShare flow sheeting programs. A separate economic model was de­
rived  and used fo r  o p tim iza tio n . The two models were not d ir e c t ly  
linked  but were used independently in a manner th a t maintained the engi­
neer in the loop. The advantages of th is  approach have been suggested 
by Grossman(6 ) in a paper th a t in ve s tig a te s  the use o f m ixed-in teger 
programming fo r  the synthesis o f in teg ra ted  process flow sheets. Gross­
man enumerated the th ree major approaches to process synthesis based on 
the fo llo w in g  categ o ries: h e u r is tic s , thermodynamic ta rg e ts , and a lgo­
r ith m ic . Since no one approach seems to be the s in g le  c o rrec t approach, 
Grossman suggested th a t a combination o f the th ree would be appropria te  
to e x p lo it  the r e la t iv e  strengths of each. Although Grossman's a tte n ­
tio n  was focused m ainly on the synthesis o f flow sheets, his comments are 
re le v a n t to the s im u la tio n -o p tim iza tio n  problem and re in fo rc e  the ra ­
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t io n a l of the methods used in th is  research. Our re s u lts  demonstrate 
the usefulness of m aintain ing the engineer in the loop which is  in ac­
cord w ith  the recommendations of Grossman.
In the fo rm ulation  of the op tim iza tio n  problem used in th is  research  
the econom ically im portant v ariab les  were selected from a to ta l  number 
of v a ria b le s  in excess o f 4000 and were used in the o p tim iza tio n  proce­
dure. These va ria b le s  were chosen based upon th e ir  c o n trib u tio n s  to the 
economic model. The s e lec tio n  of the independent varia b le s  used in th is  
p ro je c t were based upon an understanding o f the process and recommen­
dations o f e a r l ie r  researchers. Douglas(7) and F ish er, Doherty, and 
Douglas(8 ) have recognized the value of th is  type of se lec tio n  process 
and have proposed q u a n tita t iv e  g u ide lines fo r  the se lec tio n  of those e l ­
ements which are most s ig n if ic a n t  and to id e n t ify  the in cen tive  fo r  op­
t im iz a t io n . These researchers pointed out th a t the emphasis of 
o p tim iza tio n  theory has been focused on the mathematics of o p tim iza tio n . 
T h e ir e f f o r t  was d ire c te d  towards the development of very e f f ic ie n t  op­
t im iz a tio n  rou tines th a t are a s p e c ific  to process o p tim iza tio n  problems. 
The re s u lts  o f th is  p ro je c t reported e a r l ie r  incorporate  elements o f the 
approach proposed by F ish er, Doherty, and Douglas(7).
The importance o f the methods used fo r  determ ining d e r iv a tiv e  and 
function  in form ation has been shown in th is  research. The e ff ic ie n c y  of 
many o f the techniques reported and compared above is  determined not as 
much by the nature of the o p tim iza tio n  a lg o rith m , i . e .  SLP, SQP, or GRG, 
but by the techniques used to obtain d e r iv a tiv e  and function  inform a­
tio n . This observation is  borne out by the comparisons made between
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these techniques and the methods o f th e ir  a p p lic a tio n . This aspect of 
the o p tim iza tio n  problem is  now rece iv in g  s ig n if ic a n t  a tte n tio n . B ie­
g le r  and Shivaram (9) and B ie g le r ( lO ) suggested th a t a chain ru le  ap­
proach to d e r iv a tiv e  approximation is  more e f f ic ie n t  than d ire c t  loop 
pertu rb a tio n  techniques. In the example problems the authors found th a t 
the chain ru le  approach has a s ig n if ic a n t  overhead in cpu requirements 
making i t  more s u ita b le  fo r  complex problems but less d es ira b le  fo r  sim­
ple ones. Chan and P rin ce (14 ) have applied  a chain ru le  a lgorithm  fo r  
o bta in ing  d e r iv a tiv e s  to a homogenous flow sheet, i . e .  a flowsheet in 
which a l l  the un its  are the same. The chain ru le  was app lied  as p art of 
an in fe a s ib le  path SQP o p tim iza tio n  alg o rith m . The implementation was 
found to be simple and s tra ig h tfo rw a rd , and the authors proposed ex- 
te n tio n s  o f the method to include heterogenous flow sheets. Stadherr and 
H o z a ( ll)  pointed out th a t the evalu atio n  of d e r iv a tiv e s  is  the most time 
consuming p art of the flowsheet o p tim iza tio n  and th a t a trade o f f  must 
be made between very quick but inaccurate techniques and slower, h ighly  
accurate approaches. The authors proposed the re laxed  to le ran ce  d i f f e r ­
ence method which is  a block p e rtu rb a tio n  method. The evaluation  of de­
r iv a t iv e  in form ation may w ell be more s ig n if ic a n t  than the e ff ic ie n c y  of 
the o p tim iza tio n  algorithm . R ea liz in g  th is  po in t researchers are tu rn ­
ing more a tte n tio n  to th is  aspect o f the optim iza tio n  problem. The ob­
servations made in th is  research re in fo rc e  these conclusions.
C losely associated w ith  the consideration o f d e r iv a tiv e  and function  
evalu a tio n  is  the question o f fe a s ib le  versus in fe a s ib le  search a lgo­
rithm s. I t  has been explained th a t the fe a s ib le  algorithm s o f B ie g le r , 
CFV and RFV, are fe a s ib le  only in th a t the sim ulation problem is  con­
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verged whereas design co n stra in ts  are not met. The in fe a s ib le  a lgo­
rith m , IPOSEQ, does not converge e ith e r  the sim ulation problem or the 
design co n s tra in ts . None of the d e r iv a tiv e  evaluations used converged 
sim ulations. B ie g le r concluded th a t the fe a s ib le  algorithm s were more 
e f f ic ie n t  than the in fe a s ib le  versions. The approach taken in th is  
study d if fe re d  from th a t of B ie y le r  in th a t a l l  d e r iv a tiv e  evalu ­
a tions used only converged sim ulations and in most cases both te a r  
stream convergence and design c o n stra in ts  were met a t each i te r a t io n .  
As a re s u lt  th is  research has shown s im ila r  le v e ls  of e f f ic ie n c y  fo r  the 
th ree  algorithm s o f in te re s t ,  SLP, SQP, and GRG, a t le a s t when applied  
to  the o r ig in a l acid p la n t problem and the re ac to r design problem. 
K is a la (1 2 ) has compared the th ree  algorithm s of B ie g le r w ith  a new in ­
fe a s ib le  path hybrid method c a lle d  IPH. Perhaps the most s ig n if ic a n t  
aspect of the IPH technique is  th a t i t  uses two or more passes through 
the the module loop in updating the te a r  stream v a ria b le s  instead of the 
one pass used by the in fe a s ib le  approach or the ite r a t io n  to  convergence 
used by the fe a s ib le  techniques. Thus the IPH method l ie s  in between 
the fe a s ib le  and in fe a s ib le  algorithm s as used by B ie g le r . K isa la  a r ­
gued th a t the in fe a s ib le  approach is  more e f f ic ie n t  than the fe a s ib le  
methods when app lied  to complex problems. However, he came to th is  con­
c lusion  by using a hybrid algorithm  th a t moved c lo ser to f e a s ib i l i t y  
than the in fe a s ib le  technique, IPOSEQ. Although we do not n ecessarily  
agree th a t in fe a s ib le  methods are more e f f ic ie n t  on complex problems, we 
fe e l th a t K is a la 's  arguement re a ffirm s  our re s u lts  and conclusions. The 
u ltim a te  e f f ic ie n c y  of any approach w i l l  depend upon how much accuracy 
is  needed in the approximation o f function and d e r iv a tiv e  inform ation  
and how much time can be saved using less accurate approxim ations.
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K is a la 's  hybrid a lgorithm  represents a move towards fin d in g  the appro­
p r ia te  trade o f f .
I t  is  appropria te  to mention th a t the re s u lts  o f th is  research and 
those of Hughes and his students are pointw ise blackbox methods, i . e .  
they are s p e c if ic a l ly  aimed a t the ap p lic a tio n  o f o p tim iza tio n  methodol­
ogy to the sequential modular a lgorithm  fo r  flow sheeting . The a p p lic a ­
tio n  of op tim iza tio n  s tra te g ie s  to the tw o -t ie r  a lgorithm  was o u tlin ed  
in Chapter I I .  Several workers are in v e s tig a tin g  the use o f op tim iza­
tio n  algorithm s w ith  the tw o -t ie r  method and have obtained noteworthy 
successes. This method represents a sub stan tive ly  d i f fe r e n t  approach to 
the problem of flowsheet op tim iza tio n  and is  expected to rece ive  c o n tin ­
ued and enhanced a tte n tio n . I t  is  im portant to consider the re s u lts  
presented here in comparison w ith  the re s u lts  o f tw o - t ie r  methods.
S tadherr and Chen's simultaneous-modular work was mentioned in Chap­
te r  I I .  In a series  o f th ree  papers Stadherr and C hen(17,18 ,19) evalu ­
ated several o f the p e rtin e n t d e ta ils  concerning the a p p lic a tio n  o f a 
simultaneous-modular algorithm  inc lud ing  problem fo rm u la tio n , Jacobian 
evaluation  and algorithm s fo r  p a r t it io n in g  and te a r in g . The conclusions 
obtained by Stadherr and Chen using th e ir  sim ultaneous-modular flow ­
sheeting program c lo se ly  agree w ith  the conclusions obtained from th is  
research using a sequential modular flow sheeting system. F u ll-b lo c k  
p erturbations are recommended fo r  the determ ination of d e r iv a tiv e s  which 
agrees w ith  our observations. A n a ly tic  d e r iv a tiv e s  are not always 
a v a ila b le  and d iagonal-b lock p ertu rbations are in e f f ic ie n t .  The choice 
of design v a riab les  can g re a tly  a f fe c t  so lu tion  e f f ic ie n c y . Good sc a l­
Reproduced with perm ission o f the copyright owner. Further reproduction prohib ited w ithout permission.
292
ing is  im portant to the e f f ic ie c y  and r e l i a b i l i t y  of the Wi 1son-Han-Pow- 
e 11 alg o rith m . The use of stream lined sim ulations is  an important 
fa c to r  in so lu tion  and o p tim iza tio n  e ff ic ie n c y . These conclusions ob­
ta in ed  from the simultaneous-modular in v e s tig a tio n s  o f Stadherr and Chen 
(1 7 ,1 8 ,1 9 ) are in complete agreement w ith  the observations made in th is  
research using a sequential modular flow sheeting system.
The la s t comment to be considered here concerns the next step. The 
progress on research in the area o f in d u s tr ia l o p tim iza tio n  has devel­
oped to  the exten t th a t i t  is  now appropria te  to  s ta r t  in v e s tig a tin g  the 
incorporation  of some of these algorithm s and techniques in to  sim ula- 
t io n -o p tim iz a tio n  packages and o n -lin e  o p tim iza tio n  systems. To th is  
end, Edahl, B ie g le r , Grossman, Joobani, Talukdar, and 
B anares-A lcantara(13) have proposed an expert system fo r  o n -lin e  process 
contro l and o p tim iza tio n . Further a tte n tio n  and proposed methodologies 
fo r  the ap p lic a tio n  o f o p tim iza tio n  techniques to in d u s tr ia l problems in 
the f ie ld  is  expected in the near fu tu re .
This concludes the summary of the o p tim iza tio n  re s u lts . The next 
section w i l l  analyse the use of the ChemShare software package fo r  simu­
la t io n  and o p tim iza tio n  purposes.
E A nalysis of Process Modeling w ith  ChemShare
One of the o r ig in a l o b jec tives  of th is  research p ro je c t was to evalu ­
ate the performance o f a ty p ic a l commercial flow sheeting software system 
fo r  process sim ulation and design. During the course o f generating a
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sim ulation mode model o f the contact s u lfu r ic  acid p lan t the opportunity  
arose to fu th e r eva luate  the ChemShare system. The in form ation pre­
sented in the fo llo w in g  comments is  a d d itio n a l d e ta il on the modeling 
process using DESIGN/2000. The fo llo w in g  comments po in t out strengths  
and weaknesses o f the ChemShare software as w ell as e x p lic a tin g  some of 
the problems encountered and the c o rre c tiv e  steps taken to circumvent 
those d i f f i c u l t i e s .  G en era lly , the flow sheeting system performed exem- 
p la r i l y ,  but there  were some occasions when i t  was poorly suited to cer­
ta in  aspects o f the problem. This review begins w ith  an evalu atio n  of 
the u n it operations follow ed by an o v e ra ll assessment of the system per­
formance and org an iza tio n  which is  based on in form ation obtained during  
the development o f the acid p la n t model.
E -l The DESIGN/2000 U n it Operations L ib rary
The u n it operation modules a v a ila b le  in the DESIGN/2000 equipment mo­
dule l ib r a r y  provide fo r  a v a r ie ty  o f s p e c if ic a tio n s , i . e .  some modules 
can be sp e c ifie d  in e ith e r  design or s im ulation mode, w h ile  others ac­
cept only one mode s p e c if ic a tio n . For example, the heat exchangers can 
be s p ec ified  in a design mode in which excnanger areas are c a lcu la ted  or 
in a s im ulation mode in which exchanger area is  sp e c ifie d  and o u t le t  
temperatures are c a lc u la te d . However, the shortcut absorber can only be 
s p ec ified  in the sim ulation mode in which the number o f stages and tem­
p erature approach are s p ec ified  and the absorptions o f the various  
stream components is  p red ic ted .
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I t  is  im portant to note here th a t a c e rta in  l ib e r ty  is  being taken in  
re fe rr in g  to the s p e c ific a tio n s  as design or s im ulation mode. The pur­
pose of the module s p e c if ic a tio n  is  to a llow  the executive portion  of 
the program to c a lc u la te  the mass and energy balances. Thus, the spec­
i f ic a t io n s  required and u t i l iz e d  are d ir e c t ly  geared to th is  purpose. 
The a d d itio n a l in form ation needed in a design mode fo r  s iz in g  and cost­
ing and the r ig o r  required in a s im ulation mode are absent. Consequent­
ly ,  these s p e c ific a tio n s  are not f u l l  fledged design or s im ulation mode. 
This to p ic  w i l l  be addressed in g rea te r d e ta il in  the an alys is  of the 
o v e ra ll system.
One other note before continuing the an alys is  o f the u n it  modules is  
th a t i n i t i a l l y  the sim ulation model was drawn up t o t a l ly  w ith in  the con­
fin e s  o f the ChemShare package u t i l i z in g  d e fa u lt  s p e c ific a tio n s  whenever 
possib le . I t  was f a i r l y  easy to generate models th a t accu ra te ly  re ­
f le c te d  both the p lan t data reported by Crowe(6 ) in  his studies and the 
Freeport Chemical Company's Uncle Sam p la n t. The re s u lts  o f these simu­
la tio n s  have been reported by Anne Johnson in her M aster's  th e s is (5 ) .  
These models are h igh ly  s p e c ific  and of extrem ely lim ite d  u t i l i t y .  The 
development of a sim ulation model requires rigorous u n it models th a t ac­
cu ra te ly  r e f le c t  and p re d ic t the performance o f the p la n t. This was 
most c r i t ic a l  in the S02 to  SO  ^ conversion re a c to r. For example, i t  is  
very easy to use the simple reac to r model provided in the DESIGN/2000 
u n it  l ib ra ry  to model a reac to r in which the conversion is  sp e c ifie d  as 
a percentage of the lim it in g  re a c ta n t. However, the simple re a c to r w i l l  
not p re d ic t conversion or o ther performance c r i t e r ia  based on opera­
tio n a l parameters such as bed depths, in le t  tem peratures, e tc . Simple
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black box reactors  in which the user s p e c ifie s  the desired conversion 
were unsuited to the task at hand because the o p tim iza tio n  problem re ­
quires th a t the conversion be determined by the e ffe c ts  of the independ­
ent v a r ia b le s . The m odified Doering reac to r is  a very complicated model 
of the involved k in e tic s  fo r  the conversion o f SC  ^ to SO^. The incorpo­
ra tio n  of the Doering re ac to r in to  the sim ulation model presented e a r l i ­
er fo r  v a lid a tio n  and used in the s im u la tio n , op tim iza tio n  studies  
represents the evo lu tion  of a v a s tly  more soph isticated  model. The 
f in a l sim ulation model incorporated the complicated FORTRAN reac to r sub­
ro u tin e , a separate gas tem perature c a lc u la tio n  subroutine, and made 
s ig n if ic a n t  use of the in l in e  FORTRAN option .
The sim ulation model thus began as a r e la t iv e ly  simple one th a t u t i ­
l iz e d  only DESIGN/2000 u n it operations models and then grew in complexi­
ty  as needed in order to represent a v ia b le  chemical process. The 
i n i t i a l  models were t o t a l ly  unsuited to  the task requ ired  by the o p t i­
m ization studies because they lacked s u f f ic ie n t  d e ta i l  and r ig o r . Fur­
th e r d e ta ils  on the development o f the model are given in  the fo llo w in g  
comments.
E - l . l  Shortcut Absorber
The shortcu t absorber module was used to represent both the drying  
tower and the acid  absorption tower. This module uses the absorption  
fa c to r  method to  p re d ic t the absorption o f a given component from a r ic h  
gas stream in to  a lean l iq u id  stream. As o u tlin e d  in  the treatm ent of 
th e  thermodynamic co n sid eratio n s, the im portant requirem ent is  th a t the
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pred icted  SO  ^ absorption from the gas stream match th a t of the p la n t. 
The shortcut absorber required the number of stages be s p e c ifie d . Simu­
la t io n  re s u lts  show th a t 10 stages were s u ff ic ie n t  to bring about the  
requ ired  separation which was comparable to the p lan t absorber.
A lso, the absorber accounted fo r  the heats of absorption and reaction  
using the EXCESS LATENT s p e c if ic a tio n  in the general commands. A t r e a t ­
ment o f the Rennon parameters and these heats has a lready been given. 
These s p e c ific a tio n s  were adequate fo r  the representation  of the absorp­
tio n  processes. There were no special problems encountered using th is  
model.
E -1 .2  Compressor
The compressor module was used to represent the tu rb in e  blower. Se­
vera l s p e c ific a tio n s  are possible inc lud ing  PRESSURE OUT or WORK AVAIL­
ABLE. The only process datum po in t a v a ila b le  was discharge pressure, 
and th is  s p e c if ic a tio n  was used as the set po in t fo r  the compressor op­
e ra tio n . The u n it module c a lcu la ted  the required power fo r  a given
flo w ra te . Lower a i r  feed flo w ra tes  required less power as re fle c te d  in 
the module output c a lc u la tio n s .
Two sets of e f f ic ie n c y  s p e c ific a tio n s  were a v a ila b le . The p lan t uses 
a p o ly tro p ic , f iv e  stage compressor w ith  an e ff ic ie n c y  of a t le a s t 65%, 
th e re fo re  the POLYTROPIC COEFFICIENT command was used. The o ther spec­
i f ic a t io n  c a lcu la ted  the entropy and Cp/Cv. Separate sim ulations were 
run w ith  these s p e c ific a tio n s  to obtain the p o ly tro p ic  c o e ff ic ie n t  which
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was then sp e c ifie d  in subsequent s im ulations. Like the shortcut absor­
b er, the compressor module was adequately represented in a sim ulation
mode by the p lan t s p e c if ic a tio n s . No unusual problems were encountered, 
and no special adjustments were req u ired .
E -1 .3  Reactor
The reac to r module was i n i t i a l l y  used in two c a p a c it ie s , as the mol­
ten s u lfu r  burner and as in d iv id u a l beds in the reac to r module chain. 
U n fo rtu n a te ly , the reac to r module was unsuited to e ith e r  task . The pur­
pose of the burner is  to convert the molten s u lfu r  to SO.,. The reaction  
is  s e lf  sustain ing and complete. A ll th a t is  necessary is  th a t the 
sto ich iom etry  of the reac tio n  be represented and th a t the heat of com­
bustion be added to the output streams. The reac to r module provides an 
ADIABATIC REACTOR s e lec tio n  which o rd in a r ily  would be the s p e c ific a tio n  
o f choice. However, in te s t  sim ulations the ad ia b a tic  reactor fa i le d  to  
c a lc u la te  the c o rrec t product tem perature. The a d ia b a tic  re ac to r is  ca­
pable of performing phase change c a lc u la tio n s  but is  not equiped to  
c arry  out a standard combustion re a c tio n .
In order to circumvent th is  problem two modules had to be s p e c ifie d .
The sto ich iom etry  requirements can be met by using an isotherm al reactor  
module or a lte rn a te ly  a stream m anipulator module which allows fo r  
stream component m an ipulation. The heat of combustion can then be added 
to  the stream through the inc lu s io n  o f a fla s h  module. Since there  is  
no change in the number of gas phase moles w ith  combustion, the heat of 
reac tio n  is  equal to the heat of combustion a t the reac tio n  temperature
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and pressure. Table 4-28 shows the comparison of the a lte rn a te  burner 
rep resen ta tio n s . Since both approaches y ie ld  id e n tic a l re s u lts , the 
isotherm al reac to r coupled w ith  the fla s h  module was choosen fo r  these 
sim ulations because the use o f an isotherm al re a c to r ra th e r than a 
stream m anipulator to represent the burner was more a e s th e t ic a lly  p leas­
ing.
For the reac to r chain c a ta ly s t beds, the in l in e  FORTRAN c a p a b ility  
was used to incorporate  the Doering reac to r m o d e l(l) in to  the flow sheet. 
The d e ta ils  of the Doering model were given in Chapter I I I  along w ith  
m o d ificatio n s fo r  th is  research made to improve the accuracy of the 
model and to conform to  the l im ita t io n s  o f the ChemShare ADD MODULE. 
The data bank was inaccessable from the in l in e  FORTRAN modules. There­
fo re , physical parameters such as heat capacity  c o e ff ic ie n ts ,  c r i t ic a l  
volumns and c r i t i c a l  tem peratures, had to  be sp e c ifie d  in the reac to r  
subroutine. A lso, i t  was supposedly possib le to access the FLASH module 
from w ith in  a user supplied subroutine, but function  c a lls  to  the ad ia ­
b a tic  fla s h  module to c a lc u la te  in term ediate  bed temperatures did not 
work. I t  was necessary to include a subroutine, NEWTEM, to  c a lc u la te  
the gas tem perature from the composition and conversion. Fortunate ly  
the gas is  accu ra te ly  represented as id e a l.
Table 4-29 compares the re s u lts  o f subroutine NEWTEM w ith  the per­
formance o f the a d ia b a tic  fla s h  module. For the te s t  case in the ta b le , 
1.5x10^ BTU/hr were added to a mixed gas feed stream. The re s u lts  show 
th a t the fla s h  module p red icted  a higher o u t le t  temperature than the  
NEWTEM subroutine by 1 .0 4 °F . The gas stream heat capacity u t i l iz e d  in
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Table 4-28. Alternate Burner Representations
Product
Stream
Stream 
M anipulator 
+ Flash
Isothermal 
Reactor 
+ Flash
Temperature (F ) 1844.1 1844.1
Pressure (p s ia )  
Flowrates (Ib m o le /h r)
14.7 14.7
-  N2 16114 16114
-  02 2816 2816
-  S02 1500 1500
-  H20 0 0
-  S03 0 0
-  S 0 0
Total 20430 20430
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Table 4-29. Comparison of Subroutine NEWTEM vs. the Adiabatic Flash
Product A d iabatic  Subroutine
Stream Flash NEWTEM
Temperature (F )* 809.55 808.51
Pressure (p s ia ) 19.80 19.80
Cp (BTU/lbm ol/R) 
Flowrates (Ib m o le /h r)
8.158 8.241
-N2 15580 15680
-02 2087 2087
-S02 275 275
-H20 0 0
-S03 1240 1240
-s 0 0
Total 19267 19267
* Feed stream temperatue (F ) = 800.00
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the a d ia b a tic  c a lc u la tio n s  was 8.158 and the value used in subroutine  
NEWTEM was 8.241 Btu/Lbmol°F fo r  th is  stream. The higher o u t le t  temper­
ature  observed w ith  the fla s h  module is  a ttr ib u te d  to the lower heat ca­
p a c ity  used by th a t module.
The Doering model was used w ith  the PROPS program and physical and 
thermodynamic p ro p erties  were also obtained from the PROPS data bank. 
Consequently, the reac to r module and subroutine NEWTEM did  not use the 
physical and thermodynamic p ro p erties  th a t were used in the remainder of 
the s im u la tio n . The c o e ff ic ie n ts  e x trac ted  from the PROPS data bank
were converted to degrees Kelvin in order to be compatible w ith  the
DESIGN/2000 s im u la to r.
The in a b i l i t y  of the in l in e  FORTRAN ADD MODULE fea tu re  to c a ll the  
other u n it  modules prevented the use o f the fla s h  module as a means fo r  
o bta in ing  in term ed iate  bed tem peratures. A subroutine had to be w r itte n  
to c a lc u la te  gas stream tem peratures. However, the subroutine predicted  
s lig h t ly  h igher heat capacity  c o e ff ic ie n ts . Subsequent u n it modules use 
the c o e ff ic ie n ts  in te rn a l to the DESIGN/2000 program which p re d ic t
s l ig h t ly  lower Cp va lues, th e re fo re  the re s u lt  is  some lo s t enthalpy.
However, the two heat cap a c itie s  d i f f e r  by less than 1%. Thus, the net 
e f fe c t  was a n e g lig ib le  loss in en thalpy.
E -1 .4  C o n tro lle rs
The DESIGN/2000 l ib r a r y  includes a c o n tro lle r  module which is  used in  
solving the flow sheet to have a piece of equipment meet a se tp o in t.
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These modules are extrem ely useful fo r  meeting required s p e c ific a tio n s  
and s e tp o in ts . However, they represent c a lc u la tio n  loops and add to the 
amount of cpu time req u ired . Therefore , use of the c o n tro lle rs  should 
be kept to the absolute minimum. There are some in d ic a tio n s  th a t th is  
module uses Newton's method to vary one equipment s p e c ific a tio n  w ith in  
c e rta in  s p ec ified  ranges u n t il the output p roperty of another equipment 
module meets a selected s e tp o in t va lue . For example, a c o n tro lle r  mod­
ule is  used in the acid p la n t sim ulation to ad just the a i r  feed burner 
bypass so th a t the burner e x i t  tem perature s e tp o in t is  met a t 1800°F. 
In a l l ,  six c o n tro lle rs  are used fo r  the purpose of meeting setp o in ts . 
Table 4-30 l is t s  the use o f these modules. The s ix c o n tro lle rs  were ne­
cessary fo r  m aintain ing operation setpo in ts  as new sim ulations were gen­
erated in the o p tim iza tio n  process.
In and of themselves the c o n tro lle r  modules posed no problem. Howev­
e r , use o f the c o n tro lle rs  did e n ta il an a d d itio n a l degree of complexi­
ty .  DESIGN/2000 possesses an automatic capacity  fo r  determ ining te a r  
streams and the lo g ic a l u n it  c a lc u la tio n  sequence. DESIGN/2000 does 
not, however, recognize the a d d itio n a l loops imposed by a c o n tro lle r .  
Each time a c a lc u la tio n  is  looped through a c o n tro lle r  and the con­
t r o lle d  equipment the c a lc u la tio n s  are also performed fo r  each piece of 
equipment between the c o n tro lle r  and the co n tro lle d  u n it . T herefore , i t  
is  advisable to use a sequence th a t minimizes the number of equipment 
u nits  w ith in  a c o n tro lle r  loop. The automatic sequencing algorithm  does 
not recognize th is  o b je c tiv e . Consequently, a user supplied c a lc u la tio n  
sequence was s p ec ified  fo r  the sim ulations reported here. The user sup­
p lie d  sequence was given in Figure 3-6 discussed in Chapter I I I .  This
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Table 4-30. Controller Modules in the Acid Plant Simulation
C o n tro lle r  C o n tro lle r  Target Target
Number V a ria b le  V ariab le  Set Point
500 Burner Bypass Burner E x it  
Temperature
1800 F
510 B o ile r  #1 
Bypass
Bed #1 In le t  
Temperature
800 F
520 D ilu tio n  Water 
Feedrate
Product Acid 
Strength
98 %
530 D ilu tio n  Water 
Feedrate
Dryer Acid 
Strength
93 %
521 Low Temperature 
Steam Flowrate
Superheated Steam 
Temperature
630 F
522 Low Temperature 
Steam Flowrate
Superheated Steam 
Temperature
630 F
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sequence sought to minimize the number of u n its  included w ith in  the loop 
formed by each of the c o n tro lle rs . The use of a c a lc u la tio n  sequence 
l ik e  the automatic sequencing which does not take the c o n tro lle r  loops 
in to  consideration  can increase passes through p arts or a l l  o f the pro­
gram hundreds or even thousands of tim es.
E -1 .5  Heat Exchangers
Several exchanger c a lc u la tio n  modes are a v a ila b le  fo r  the exchanger 
module provided in DESIGN/2000. These include s ing le  stream, 
co u n te r-c u rre n t, w ater cooled and re fr ig e ra n t  heat exchange. In add i­
t io n , some of these exchangers can be s p e c ifie d  e ith e r  in design or sim­
u la tio n  mode. C ounter-curren t exchangers were used to model the 
economizer, both b o ile rs , and both superheaters. S ingle stream exchan­
gers were used to model the two acid stream coo lers . The s ing le  stream 
exchanger required less c a lc u la tio n  overhead than a special water cooled 
exchanger which is  a v a ila b le . The water cooled exchanger module is  a 
sim ulation mode only exchanger which e n ta ils  an i t e r a t iv e  c a lc u la tio n  
procedure and is  needlessly rigorous.
One of the a v a ila b le  co u n ter-cu rren t exchanger s p e c ific a tio n s  is  SIM­
PLE EXCHANGER. In th is  mode the exchanger area is  s p ec ified  and an ex­
is t in g , fix e d  piece o f equipment is  sim ulated. The c a lc u la tio n  
procedure is  an it e r a t iv e  one. An i n i t i a l  guess is  made fo r  the f i r s t  
o u tle t  steam tem perature. From th is  estim ate the stream enthalpy change 
is  c a lcu la ted  and app lied  to the second stream. The second stream out­
le t  temperature is  then ca lc u la te d  follow ed by the LMTD. The stream en­
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tha lp y  change is  compared w ith  the enthalpy load c a lcu la ted  from the 
sp e c ifie d  exchanger area , the o v e ra ll heat t ra n s fe r  c o e ff ic ie n t  and the  
LMTD generated from the i n i t i a l  temperature estim ate . I f  the two en­
th a lp ie s  do not agree w ith in  desired to leran ce then a new temperature  
guess is  made and the whole procedure repeated u n t il convergence is  ob­
ta in e d . The design mode s p e c if ic a tio n  is  TEMPERATURE OUT. In th is  mode 
the desired o u t le t  tem perature fo r  one of the streams is  s p ec ified  upon 
in p u t. Thus, the necessary enthalpy duty is  ca lc u la te d  from the known 
stream temperatures and pressures. This duty is  app lied  to the second 
stream in order to c a lc u la te  the o u t le t  stream tem perature. The LMTD is  
c a lcu la ted  from the known tem peratures. F in a lly ,  the exchanger area 
needed fo r the tra n s fe r  is  c a lcu la ted  based upon a sp e c ifie d  heat tra n s ­
fe r  c o e f f ic ie n t .
The computational e f fo r t  w ith  the sim ulation mode s p e c if ic a tio n  is  
s ig n if ic a n t ly  higher than w ith  the design mode s p e c if ic a t io n . However, 
th is  is  not the u ltim a te  c r ite r io n  th a t n ecessitated  use o f the design 
mode. In order to model the e x is tin g  p lan t exchangers, i t  was necessary 
to generate the s p e c ific a tio n s  th a t enable the exchanger module to re ­
produce base case performance. A procedure was developed to obtain the 
exchanger areas th a t are required to reproduce base behavior w ith  the 
heat tra n s fe r  c o e ff ic ie n t  s e t. This procedure is  lis te d  in Figure 4-10. 
The o b je c tiv e  o f th is  method is  to obtain the exchanger areas th a t s i ­
multaneously meet the o u t le t  tem perature fo r  the gas stream and the tem­
perature  and pressure s p e c ific a tio n s  fo r  the o u t le t  steam product.
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Figure 4 -10 . Procedure fo r  Obtaining Exchangers Areas 
That Meet Desired Steam Temperature and Pressure S p e c ifica tio n s
Exchanger Area S p e c ific a tio n  Procedure
1) Set TEMPERATURE OUT s p e c if ic a tio n  to desired cond itions, 
eg. base behavior.
2) Line out s im ulation model to base cond itio n s , conversions, 
s p e c if ic a tio n s , e tc .
3) In s ta l l  a c o n tro lle r  module to vary the exchanger flow  
u n til the desired steam tem perature and pressure are met.
4) Use the exchangers areas generated in step 3 and specify  
the exchangers in the sim ulation mode.
5) In s ta l l  a c o n tro lle r  to vary the exchanger flow  u n t il the 
desired TEMPERATURE OUT s p e c ific a tio n  o f the gas stream 
is  obtained.
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The major d i f f ic u l t y  associated w ith the exchanger-contro ller blocks 
is  the c o n tro lle r  module provided in the DESIGN/2000 lib r a r y  is  only  
useful fo r  meeting one se tp o in t. I t  is  not possible to contro l more 
than one v a r ia b le . Consequently, i f  the sim ulation mode exchanger spec­
i f ic a t io n  is  used then the c o n tro lle r  w i l l  only allow  fo r  the mainte­
nance of one s e tp o in t, e ith e r  gas temperature out or steam temperature  
out. I t  is  not possible to meet both c r i t e r ia .
An add itio n al problem manifests i t s e l f  in  the modeling of the steam 
b o ile rs . In each o f the b o ile rs , feedwater is  supplied to the shell 
side a few degrees below the bubble p o in t. The process gas is  cooled to  
a desired temperature by exchanging heat w ith the feedwater ra is in g  the 
o vera ll temperature to the bubble po in t and then b o ilin g  some portion of 
the feedwater generating a saturated steam, bubble po in t w ater, two 
phase m ixture. The saturated steam is  then separated in the steam drum 
and sent on to the superheaters. This r e la t iv e ly  simple process poses 
an immense control problem fo r  the DESIGN/2000 s im ulator. I f  the con­
t r o l le r  is  used to  set the o u tle t temperature of the saturated steam 
then there is  no control over the process gas o u tle t tem perature. The 
saturated steam temperature could be maintained over a wide range of 
b o ile r  feedwater flow rates  in which the steam q u a lity  of the o u tle t mix­
tu re  could range anywhere from 0 to 1. A lte rn a te ly , i f  the process gas 
o u tle t  tem perature is  maintained a t a desired se tp o in t, then an u n lim it­
ed number o f feedwater flow rates  are possible corresponding to o u tle t  
steam conditions ranging from a saturated steam water m ixture to various  
superheated o u tle t conditions.
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The conclusion is  th a t the c o n tro lle r  module is  inadequate to specify  
both steam and gas o u t le t  temperatures and pressures i f  sim ulation mode 
exchangers are to  be s p e c ifie d . I t  would not be possib le to use two 
c o n tro lle rs , because besides being an a d d itio n a l loop, a second c o n tro l­
le r  would attemp to  m aintain a second parameter w h ile  m anipulating the 
same v a r ia b le , i . e .  b o ile r  feedwater flo w ra te .
One other problem emerges when s im ulation mode exchangers and con­
t r o l le r s  are used in the manner described above. The exchangers are 
used p r im a r ily  to cool the process gas in preparation  fo r  en terin g  sub­
sequent reac to r beds. This bed in le t  tem perature is  very im portant and 
extrem ely s e n s it iv e . I f  a design mode TEMPERATURE OUT s p e c if ic a tio n  is  
used then the process gas stream temperatures is  reproducib ly set a t an 
absolute setp o in t value independent o f the flow sheet convergence t o le r ­
ance. I f  the c o n tro lle r  is  used to meet th is  s p e c if ic a t io n , then a 
range o f process gas temperatures ensue corresponding to the to lerance  
range o f the c o n tro lle r .  The reac to r model is  very s e n s itiv e  to in le t  
tem peratures and the pred icted  bed conversions and the re s u lta n t simu­
la tio n s  are s ig n if ic a n t ly  a lte re d  by changes in the in le t  tem peratures. 
Table 4-31 provides s im ulation re s u lts  th a t in d ic a te  the c o n tro lle r  
d i f f i c u l t i e s  and re ac to r bed s e n s it iv ity  to gas in le t  tem perature. The 
f i r s t  s im ulation l is t s  the re s u lts  fo r  the TEMPERATURE OUT s p e c if ic a ­
t io n . The o ther two sim ulations present the tem perature and conversion 
p ro f i le s  i f  the c o n tro lle r  modules are used to specify  the bed in le t  
tem peratures. The two s im ulation c o n tro lle d  runs d i f f e r  in the lo ca tio n  
and number o f the c o n tro lle rs  used to meet the bed in le t  temperature  
s etp o in ts , i . e .  two d if fe r e n t  c o n tro lle r  schemes were in v e s tig a te d . As
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Table 4-31 . Reactor Model Temperature S e n s it iv ity
Exchanger
Operation Bed Bed Temp (F ) S02 (lb m o le s /h r) O vera l1
Mode Number In Out In - Out Conversion (%)
Design- 1 800.19 - 1062.00 1500 - 273.12 81.8
TEMP OUT 2 810.00 - 866.81 273.12 - 8 .90 99.4
Speci fie d 3 850.00 - 850.00 8.90 - 8 .90 99.4
4 825.00 - 825.00 8.90  - 8 .90 99.4
S im ulation-• 1 801.13 - 1064.80 1500 - 263.75 82.4
Setpoi nt 2 811.89 - 857.41 263.75 - 52.42 96.5
C ontro lled 3 838.73 - 844.72 52.42 - 24.48 98.4
4 821.39 - 826.38 24.48 - 1.29 99.9
S im ulati on-■ 1 801.15 - 1064.80 1500 - 263.56 82.4
Setpoi nt 2 811.93 - 857.46 263.56 - 52.14 96.5
Control led 3 838.89 - 844.88 52.14 - 24.16 98.4
4 821.61 - 826.59 24.16 - 1. 00 99.9
Note th a t each group represents one sim ulation o f the re a c to r chain. 
The two sim ulation c o n tro lle d  runs d i f f e r  in the lo ca tio n  and number 
of the c o n tro lle rs  used to meet the bed in le t  tem perature s e tp o in ts .
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ind ica ted  in the ta b le , the use of c o n tro lle rs  to meet the bed in le t  
setp o in t tem peratures fa i le d  to meet the bed in le t  temperature s p e c if i ­
cations p a r t ic u la r ly  fo r  the 3rd. and 4th . beds. In ad d itio n  there was 
a s lig h t  d iffe re n c e  in conversions and bed o u tle t temperatures fo r  the  
two d i f fe r e n t  operation modes. F in a lly ,  the use of the c o n tro lle r  w ith  
the exchanger res u lte d  in ad d itio n a l computational e f f o r t  and cpu time 
requi rements.
The conclusion is  th a t the s im ulation mode exchanger is  not useful 
fo r  s im ulation stu d ies . The only p ra c tic a l way to use the exchanger mo­
dules is  to use the design mode TEMPERATURE OUT s p e c if ic a tio n . In th is  
manner the process gas setpo in t is  met. For the superheaters where 
there is  no phase change, c o n tro lle rs  are then used to generate on spec­
i f ic a t io n  product steam. Since i t  is not possible to contro l the b o ile r
performance by m anipulating the b o ile r  feedwater f lo w ra te , c o n tro lle rs  
are not used w ith  the b o ile rs . A fix e d  over abundance of feedwater is  
supplied to each b o ile r .  In cooling the process gas, the b o ile rs  pro­
duce saturated steam from the excess feedw ater. A two phase m ixture
e x its  the b o ile r .  The economizer is  the only exchanger th a t can be spe­
c if ie d  in the s im ulation mode. This is  because there is  no phase change 
in the economizer and because the feedwater ra te  is  f ix e d .
The design orien ted  TEMPERATURE OUT s p e c ific a tio n  had to be used in 
the s im ulation studies to reduce computations and to a llow  fo r  meeting 
product s p e c if ic a tio n s . The exchanger module ca lc u la te s  d if fe r e n t  ex­
changer areas fo r  the d i f fe r e n t  sim ulations, but there  is  a n e g lig ib le  
d iffe re n c e , less than 1%, in the areas over the range of sim ulations
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studied. E s s e n tia lly , the exchanger area is  used as the manipulated  
v a ria b le  to meet temperature setpo in ts  and, where poss ib le , flow rates  
are u t i l iz e d  by the c o n tro lle r  to meet steam s p e c if ic a tio n s . This is  
the only approach th a t w i l l  a llow  the user to contro l these two v a r i ­
ables in the acid p la n t s im ulation .
E -1 .6  Flash
A fla s h  module was used to  represent the steam drum. In the p lan t a 
steam drum is  used as a storage vessel to a llow  fo r  the varying pro­
duction o f steam leaving the p la n t. In  the s tead y-s ta te  sim ulation the 
steam production is  constant, and a module fo r  the steam drum is  not 
needed since a f ix e d  b o ile r  feedwater ra te  was used. This ra te , 12,000  
Ibm o le /h r, represents approxim ately 10% more water than the maximun ex­
pected steam production ra te , and th is  10?o excess represents a 10% blow­
down associated w ith  each b o ile r .  In  the sim ulation i f  the maximum 
expected steam is  not produced then th a t excess b o ile r  w ater is  a s lig h t  
loss in enthalpy corresponding to the d iffe re n c e  in tem perature between 
the economizer feedwater and b o ile r  e x it  w ater. This approach was ne­
cess ita ted  by the sim ulation problems a lready o u tlin e d . Use of the 
fla s h  module posed no p a r t ic u la r  problems.
E -1 .7  D iv id ers  and Mixers
The acid p lan t s im ulation uses nine d iv id e rs  or s p l i t t e r s  and f iv e  
m ixers. These modules are s tra ig h tfo rw ard  and added no d i f f i c u l t i e s  to 
the modeling process.
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This concludes the analys is  o f the DESIGN/2000 u n it l ib r a r y .  The 
fo llo w in g  comments w i l l  analyse the use of the ChemShare system from an 
o v e ra ll perspective .
E-2 Evaluation of the ChemShare System
The o b je c tiv e  of th is  section is  to give some observations concerning 
the o rg an iza tio n  o f the ChemShare software package. The o v e ra ll break­
down in to  the separate programs has a lready been discussed. The in te n t  
here is  to note system re s tr ic t io n s  th a t caused d i f f i c u l t i e s  in the use 
of these programs.
Through the licen s in g  agreement, ChemShare provides L .S .U . w ith  a 
load module of th e ir  programs. Consequently, there  is  extrem ely l i t t l e  
in form ation about the program inner workings th a t can be ascerta ined . 
The h elp fu l d iagnostics  th a t are provided to fe r r e t  out input e rrors  
are sound. However, the d iagnostics concerning system I /O , data f i l e  
access, and form ating e rro rs  are less than comprehensive.
The problem associated w ith  uses of the a d ia b a tic  fla s h  has been out­
lin e d  e a r l ie r .  The d iagnostics  associated w ith  the fa i lu r e  of th is  mod­
ule were lim ite d  to some sparse IBM system messages. I t  was impossible 
fo r  a load module user to tra c k  down such a problem. The o verrid in g  as­
sumption is  th a t the programs are bug fre e , and fo r  the most p art th is  
is  the case. However, the s p ec ia lized  uses required in th is  research  
uncovered otherwise inconsequential l im ita t io n s  such as the lim ite d  ac­
c e s s ib i l i t y  to the u n it l ib ra ry  from w ith in  the in l in e  FORTRAN option .
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Being re s tr ic te d  to a load module g re a tly  exacerbates the d i f f i c u l t i e s  
associated w ith  overcoming such lim ita t io n s . This is  not le g it im a te ly  a 
major c r it ic is m  o f the ChemShare system as i t  is  a c r it ic is m  o f the use 
of such a system fo r  the type o f work reported here.
Another im portant po in t is  th a t the ChemShare corporation uses a 
PRIME computer as i t s  inhouse mainframe, and the IBM load modules are 
compiled on another machine. At one time the f a c i l i t i e s  a t RICE U niver­
s ity  were used. Consequently, the problems experienced a t L.S .U . were 
not necessarily  m anifested on the ChemShare computer. Although the 
ChemShare people have been very he lp fu l and a t te n t iv e , problems th a t are 
not reproducable on th e ir  machine were more d i f f i c u l t  fo r  them to deal 
w ith . Again th is  is  not meant as a c r it ic is m  of the ChemShare Corpo­
ra tio n  but as an observation o f the r e a l i t y  th a t faces any user who em­
ploys the approach o u tlin e d  in th is  p ro je c t.
These flow sheeting s im ulation programs are very complex. Many " b e lls  
and w h is tles" are included to  increase f l e x i b i l i t y  and u s a b il i ty .  The 
programs can do many th in g s . Input dimensions can be of any system or 
m ixture o f systems th a t the user d es ires . In d iv id u a l thermodynamic 
functions can be s p e c ifie d  fo r  each and every equipment module. These 
programs are very powerful and ye t notably re s tr ic te d  from a system 
view point and from an o p tim iza tio n  po in t of view. The fo llo w in g  example 
ty p i f ie s  the problem.
The CHEMTRAN physical p roperty package is  used separate ly  from the 
DESIGN/2000 s im u la to r. I f  physical property data or thermodynamic cor­
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re la tio n s  are req u ired , then a chemical f i l e  is  used to store the in fo r ­
mation generated by CHEMTRAN. DESIGN/2000 accesses the chemical f i l e  as 
necessary. Due to the unusual c h a ra c te r is tic s  of the components in the 
acid p la n t, a chemical f i l e  was requ ired  fo r  these s im ulations. I t  was 
not possib le to  f i r s t  use CHEMTRAN to obtain  the thermodynamic c o e f f i ­
c ien ts  and constants and then to d ir e c t ly  en te r those values in to  the 
DESIGN/2000 input code. FORTRAN lo g ic a l u n it number 36 was used to ad­
dress the chemical f i l e  unless the in l in e  FORTRAN fe a tu re  was used. In  
th is  case the chemical f i l e  was addressed through u n it number 37, and a 
w o rk file  needed w ith  the in l in e  fe a tu re  was addressed through number 36. 
I f  both a chem file  and the in l in e  FORTRAN are needed, then both lo g ic a l 
u n its , numbers 36 and 37, are requ ired .
U n fo rtu n a te ly , the save stream f i l e s  are addressed through lo g ic a l 
u n it number 36. There is  no way to sim ultaneously u t i l i z e  a chemical 
f i l e ,  the in l in e  fe a tu re , and the save stream fe a tu re . One of the most 
s ig n if ic a n t  c a p a b il i t ie s  included in the system org an iza tio n  is  the 
a b i l i t y  to save ca lc u la te d  flow sheet stream inform ation fo r  la te r  use in  
subsequent runs. This is  a p a r t ic u la r ly  powerful c a p a b ility  i f  subse­
quent runs are not very d if fe r e n t  from the in i t i a l  run, as is  the case 
fo r  determ ining d e riv a tiv e s  from small .perturbations in the o r ig in a l 
model.
With the ChemShare DESIGN/2000 program the c a p a b ility  e x is ts  to spec­
i f y  te a r  streams, but th is  option is  not the same as saving stream in ­
fo rm ation . The save stream option allows the user to  save an e n tire  
flow sheet au to m a tic a lly  from run to run so th a t subsequent runs are
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s ta rtin g  up from the prev iously  converged stream values. Use of the 
te a r  stream s p e c ific a tio n  would be tantamount to  specify ing  every stream 
as a te a r  stream. This would be a poor c a lc u la tio n a l procedure and 
would requ ire  an inmense amount of work on behalf of the user to code in 
these values. A lso, each new sim ulation resets the c o n tro lle r  loops to  
the i n i t i a l  s p e c if ic a tio n s , and the loops must then i te r a te  to conver­
gence. I f  the c o n tro lle r  streams were saved, then several o f the in i ­
t i a l  search steps could be skipped in favo r of a few fin e  tuning steps.
The save stream fea tu re  is  as an e x c e lle n t device fo r  reducing compu­
ta tio n s  and is  a good sim ulation o rien ted  c a p a b ility . For the acid
p lan t sim ulation one ite r a t io n  through the flowsheet required 6 to 8 
seconds on the average. A minimum of 4 i te ra t io n s  were required fo r  
convergence of any one sim u latio n , u sually  6 to  8 i te ra t io n s  were re ­
qu ired . I f  the save stream fea tu re  were employed, 4 or 5 ite ra t io n s  
might be saved. This would tra n s la te  in to  some 40 or so seconds of cpu
time saved per s im ulation . In  estim ating the d e r iv a tiv e s  from f in i t e  
d iffe re n c e  perm utations, 6 s im ulations were required beyond the the base 
case, i . e .  one sim ulation fo r  each independent v a r ia b le . At a saving of 
40 seconds per sim ulation each grad ien t approximation would requ ire  4 
minutes less cpu tim e. This would be 4 minutes less cpu time fo r  every 
base po in t in the o p tim iza tio n  which would be 20  minutes less cpu time 
fo r  a search re q u irin g  5 base po in ts . This saving would s ig n if ic a n t ly  
improve the comparisons made e a r l ie r  in th is  chapter.
I t  would be extrem ely useful i f  the user had access to physical and 
thermodynamic p ro p erties  used in a sim ulation ra th e r than the curren t
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re s tr ic te d  access to data banks in form ation and to in d iv id u a l stream pa­
ram eters. D i f f ic u l t ie s  experienced w ith  the fla s h  u n it required the in ­
clusion o f subroutine NEWTEM which resu lted  in a s lig h t  discrepancy in 
the heat ca p a c itie s  c a lcu la ted  by the fla s h  u n it and subroutine NEWTEM. 
I f  user access to physical property data were provided then consistent 
data could be used in the event a user supplied subroutine is  requ ired . 
In e a r l ie r  versions of CHEMTRAN in te ra c tio n  c o e ff ic ie n ts  were masked or 
encoded so th a t they could only be used by the ChemShare programs in the 
ChemShare programs. From a u ser's  po in t o f view th is  is  an extreme lim ­
i ta t io n  preventing checking or backtracing program c a lc u la tio n s . This  
is  unwise p a r t ic u la r ly  since very few d e ta ils  are provided on some of 
the actual c a lc u la tio n  methods. Although la te r  program versions do not 
mask c o rre la tio n  c o e ff ic ie n ts , physical property data is  s t i l l  inacces­
s ib le .
Access to in d iv id u a l stream parameters would perm it the user to ap­
proximate d e r iv a tiv e s  by incrementing a desired stream parameter during  
an on-going s im u la tio n . D e riv a tiv e  estim ations might then be obtained  
from p a r t ia l  sim ulations thereby reducing computational overhead. Such 
c a p a b ilit ie s  would make the ChemShare system more competetive w ith  the 
other stream lined sim ulators and in possible o p tim iza tio n  ap p lica tio n s  
where minimizng the sim ulation e f fo r t  is  c ru c ia l. Access to stream pa­
rameters is  one fe a tu re  th a t has been proposed in fu tu re  versions of the 
ChemShare package.
The comments given above in d ic a te  some of the d i f f i c u l t i e s  in using 
the ChemShare software fo r  the sim ulation and o p tim iza tio n  s tud ies . A l­
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though improvements in the areas o u tlin ed  above would s ig n if ic a n t ly  en­
hance the u t i l i t y  o f th is  package, i t  is  im portant to po in t out th a t  
th is  system was capable of performing the task a t hand. The ChemShare 
system is  a s ta te  of the a r t  flow sheeting package and as such i t  pro­
vided s u ff ic ie n t  options th a t an accurate and usable sim ulation was gen­
erated and used in the optim iza tio n  s tud ies . The process modeled here 
is  extrem ely complex and an accurate s im ulation is  a considerable  
achievement.
E-3 Summary of S im ulation -  O ptim ization  w ith  the ChemShare System
The f i r s t  conclusion to be drawn from th is  research is  th a t the 
ChemShare software system was capable of accu ra te ly  modeling a complex 
process and th a t model was successfu lly  used in the a p p lic a tio n  o f o p t i­
m ization a lgorithm s. Although several d i f f i c u l t i e s  were encountered, 
the ChemShare package did provide a l l  o f the neccessary to o ls  required  
to form ulate an accurate and useful model. N evertheless, th is  system is  
not id e a lly  suited to sim ulation -  o p tim iza tio n .
The ChemShare u n it l ib a ry  is  h igh ly  s o p h is tica ted , however i t  lacks
the r ig o r  needed fo r  sim ulation -  o p tim iza tio n . Without the incorpo­
ra tio n  of the Doering re ac to r subroutine i t  would not have been posib le
to use DESIGN/2000 in these stud ies .
The CHEMTRAN physical p ro p erties  package is  extensive . However, lim ­
ite d  user a c c e s s ib ility  to the physical property data banks severely re ­
s t r ic ts  the user f l e x i b i l i t y  and p o te n t ia lly  the accuracy of the
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sim ulation model. Open access to the data banks would f a c i l i t a t e  the 
use of these programs fo r  sim ulation and o p tim iza tio n . The same obser­
vation  holds fo r  the use of save stream f i l e s .  I t  is  im portant th a t a l l  
o f the options provided by the software package be m utually  a v a ila b le  to 
the user in th a t i t  is  impossible to p re d ic t what c a p a b il i t ie s  w i l l  or 
w i l l  not be d is p en s ib le . F le x ib i l i t y  is  extrem ely im portant in the use 
of any sim ulation softw are. I f  the commercial packages are to provide  
the necessary to o ls  then they must provide f l e x i b i l i t y  and u s e r -fr ie n d ly  
programs.
I t  is  not recommended th a t load module programs be used fo r  th is  type 
o f work unless ab so lu te ly  unavoidable. As noted, f l e x i b i l i t y  is  para­
mount to the successful development o f an accurate s im ulation model and 
the subsequent a p p lic a tio n  o f o p tim iza tio n  a lgorithm s. The use of 
canned programs g re a tly  re s t r ic ts  the user and can p o te n t ia l ly  doom the 
sim ulation -  o p tim iza tio n  process.
F Closure
This concludes Cnapter IV . In  th is  chapter the re s u lts  of th is  re ­
search have been presented, analysed and compared w ith  the re s u lts  of 
other workers. The ChemShare flow sheeting system has been analysed and 
useful fea tu res  have been enumerated. Chapter V w i l l  draw together the  
conclusions th a t have resu lted  from th is  research p ro je c t and w i l l  make 
recommendations on fu tu re  work in th is  area.
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Chapter V 
CONCLUSIONS AND RECOMMENDATIONS
A Conclusions
The fo llo w in g  conclusions were derived from th is  research.
1. The s im ulation o f the contact process is  large scale re q u irin g  one 
minute o f cpu time on the average, and i t  was demonstrated th a t suc­
cessive l in e a r  programming (SLP), successive quadratic  programming 
(SQP), and a genera lized  reduced grad ien t method (GRG) located the 
optimum of the economic model and s a t is f ie d  the co n stra in ts  from the 
sim ulation w ith  a reasonable amount of e f f o r t .  SLP was applied  to  
th ree d if fe r e n t  economic models, and each one was successfu lly  o p t i­
mized in accordance w ith  expectations. The optim izatio n  studies  
show th a t the re s u lts  were obtained w ith  a non linear process simu­
la t io n  .
2. I t  was possib le to re form ulate  the op tim iza tio n  problem in to  an op­
tim iz a tio n  problem w ith  the only c o n stra in ts  being bounds on the in ­
dependent v a r ia b le s . Unconstrained op tim iza tio n  methods such as 
steep ascent were applied  to th is  reform ulated problem but they were 
not as successful in lo ca tin g  the optimum as SLP, SQP and GRG. The 
steep ascent algorithm  u t i l iz e d  both a Fibonaci l in e  search and a 
quadratic  l in e  search, and the Fibonaci l in e  search was co n s is te n tly  
b e tte r  than the quadratic  l in e  search.
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
323
3. SLP, SQP and GRG algorithm s were successfu lly  applied to  a nonlinear 
packed bed reac to r design model. The o b jec tive  function was quad­
r a t ic ,  and the constra in ts  were lin e a r iz e d  from a Taylor series  
using f in i t e  d iffe re n c e  approximations. A quadratic  lin e  search was 
incorporated in the op tim ization  to e lim in a te  o s c illa t io n s  in the 
v ic in i ty  o f the optimum. Although a l l  three techniques found re a l­
i s t ic  and s im ila r  optimum points a t equ iva len t degrees of e f f ic ie n ­
cy, the GRG algorithm  gave the best re s u lts .
4. For reasonably sized models, i . e .  on the order o f one minute or less 
cpu tim e, using the methodology developed here i t  is  possible to  
apply a v a r ie ty  o f NLP algorithm s and to bring about notable im­
provement in the steady sta te  performance. This technique is  easy 
to  implement and provides various opportun ities  fo r  a l te ra t io n , e .g . 
in combination w ith  a quadratic  or Fibonaci l in e  search. The SLP 
technique is  p a r t ic u la r ly  recommended i f  the problem is  suspected of 
being s ig n if ic a n t ly  lin e a r  or i f  the ob jec tive  function responds mo- 
n o to n ic a lly  to changes in the independent v a ria b le s . I f  a GRG o p t i­
m ization approach is  used then the n o n lin e a rity  should be e x p l ic i t ly  
represented in the o b jec tive  fu n c tio n . I t  may be necessary to aug­
ment the GRG search near the optimum to enhance e ff ic ie n c y  i f  the 
problem is  s trongly nonlinear as is  the case fo r  the reactor model. 
In such cases a quadratic  lin e  f i t  was observed to work w e ll.
5. In ves tig a tio n s  in to  the use of p a r t ia l  sim ulations fo r  d e r iv a tiv e  
approximations showed th a t fu l ly  converged models must be used as 
the source fo r  d e r iv a tiv e  and grad ien t approximations fo r  the acid  
p lan t model. The re s u lts  o f the a d iab a tic  fla s h  problem study show
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th a t p a r t ia l  sim ulation approximations are s u ff ic ie n t  fo r  th is  prob­
lem.
6 . The grad ien t eva luation  study showed th a t one pass grad ien t approxi­
mations d i f f e r  both in magnitude and d ire c tio n  from the f u l ly  con­
verged grad ien t determ inations. Consequently, only f u l ly  converged 
models were used fo r  g rad ien t e v a lu a tio n s . Since some of the SQP 
methods in the l i t e r a tu r e  use one pass and p a r t ia l  pass approxi­
m ations, i t  might be concluded th a t the inaccuracy of these approxi­
mations in p a rt accounts fo r  the larg e  percentage of bad search 
po ints and unsuccessful o p tim iza tio n s  observed w ith  the SQP tech­
niques. This conclusion was re in fo rced  by the large number o f base 
p oints generated in the reported SQP search re s u lts  versus a search 
based upon f u l ly  converged models.
7 . In many ways the use of the flow sheeting package and the NLP method­
ology developed here has g re a tly  s im p lif ie d  the o p tim iza tio n  prob­
lem. Use o f the model as a b lack box function  au to m atica lly  
s a t is f ie d  the mass and energy c o n stra in ts  as w ell as the ad d itio n a l 
in e q u a lity  c o n stra in ts  imposed by product demand, raw m ateria l 
a v a i la b i l i t y  and process u n it  c a p a c it ie s . The s e lec tio n  of r e a l is ­
t i c  v a r ia b le  ranges minimized the number o f in fe a s ib le  s im ulations. 
Although the acid p la n t s im ulation requ ires  thousands of ca lcu­
la tio n s  and an average of 60 seconds cpu tim e, the execution o f the 
o p tim iza tio n  code never exceeded the lim its  of a class Q jo b , 5 cpu 
seconds. The approach u t i l iz e d  here g re a tly  s im p lif ie d  the o p t i­
m ization problem.
8 . Although the ChemShare u n it l ib r a r y  is  h igh ly  s o p h is tica ted , i t  is  
not p a r t ic u la r ly  w ell su ited  to rigorous design or s im ulation . From
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the design perspective the s im ulation lacks the rigorous s iz in g  and 
costing c a p a b il i t ie s  needed. From the sim ulation po in t o f view the  
u n it modules lack the com plexity and so p h is tic a tio n  required fo r  r i ­
gorous modeling. However, much o f th is  is  changing. The software  
is  c o n tin u a lly  being up graded p a r t ic u la r ly  w ith  regards to the ad­
d it io n  of new u n it models w ith  g re a te r c a p a b il i t ie s  and of higher 
degrees o f com plexity.
9. Although the CHEMTRAN physical p ro p e rtie s  package is  very pow erfu l, 
u n fo rtu n a te ly , the lim ite d  user access to l ib r a r y  data can pose se­
vere r e s tr ic t io n s  on the user as observed in the reac to r modeling 
process reported e a r l ie r .  The in a b i l i t y  to access l ib r a r y  data as 
needed g re a tly  lim its  the user f l e x i b i l i t y .
10. The system a rc h ite c tu re  employed by the ChemShare package makes some 
o f the various options m utually  e x c lu s iv e . The contact process was 
chosen fo r  th is  p ro je c t because i t  was considered to  be a good te s t  
of the o v e ra ll flow sheeting package softw are. The modeling process 
showed th is  to be tru e . The in a b i l i t y  o f the system to  handle a 
user supplied subroutine, a c h em file , and the save stream option a l l  
fo r  the same model g re a tly  reduced the f l e x i b i l i t y  o f the op tim iza­
tio n  studies and increased the requ ired  cpu tim e by as much as 40%.
11. The ChemShare package is  very complex. I f  the user is  re s tr ic te d  in  
access only to a load module then i t  is  near impossible to  diagnose 
and co rre c t bugs. A grea t deal o f tim e and e f f o r t  can re a d ily  be 
spent try in g  to co rre c t problems in  a load module. I t  is  im portant 
th a t the re s u lts  o f any such la rg e  scale s im ulator be subject to a 
s ig n if ic a n t  degree o f s c ru tin y . This is  p a r t ic u la r ly  im portant in  
the l ig h t  o f l im ite d  system d iag n o stics . The use of such a system
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w il l  d e f in i te ly  e n ta il a d d itio n a l e f f o r t  p a r t ic u la r ly  i f  the model­
ing task involves h ig h ly  d e ta ile d  or s p e c ia lize d  requirem ents.
12. In s p ite  o f some l im ita t io n s  and d i f f i c u l t i e s  i t  was possible to
generate an accurate , repro d u c ib le , v e r i f ia b le ,  and useful model of
the contact process w ith  the ChemShare system. The only major addi­
t io n  to the system software was the m odified Doering reac to r module. 
Although the ChemShare system could be made to  perform b e tte r  from 
the viewpoint o f in co rp o ra tin g  o p tim iza tio n  a lgorithm s; nonetheless, 
i t  d id adequately perform the modeling task .
13. The se lec tio n  of com m ercially a v a ila b le  flow sheeting systems fo r  s i ­
m ulation modeling and o p tim iza tio n  should take in to  consideration  
the nature and com plexity o f the process to be modeled. I t  should 
be re a liz e d  th a t h ig h ly  sp e c ia lize d  u n it  modules are not going to be 
provided by the software package. The a b i l i t y  to add user supplied  
subroutines and o ther f le x ib le  options w i l l  in a l l  p ro b a b ility  be an 
absolute must in order to generate s im ulation or design models.
14. M aintain the engineer in the loop p a r t ic u la r ly  i f  a commercial simu­
la to r  is  to be used. This research in te n t io n a lly  kept the simu­
la t io n  and the o p tim iza tio n  software separate. The com plexity of 
the model and the i n f l e x i b i l i t y  w ith  regards to  access to the inner  
workings o f the s im ulation software made the d ire c t  l in k in g  of the  
sim ulator and the o p tim izer untenable. Secondly, the separate exe­
cution of the two programs perm itted a c tiv e  m onitoring and ad ju s t­
ment of the o p tim iza tio n  progress thereby m inim izing the occurance 
of unsuccessful searches.
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B Recommendations
The fo llow ing  recommendations are o ffe red  as gu id e lin es  fo r  the use 
of o p tim iza tio n  algorithm s w ith  flow sheeting software and fo r  fu tu re  re ­
search on flow sheeting and o p tim iza tio n .
1. Since use o f p a r t ia l  sim ulations fo r  d e r iv a tiv e  approximations can 
lead to in ap p ro p ria te  search d ire c tio n s  and excessive search po in ts , 
i t  is s trong ly  recommended th a t f u l ly  converged models be considered 
as the source fo r  d e r iv a tiv e  and grad ien t approximations unless i t  
can be shown th a t p a r t ia l  in fo rm ation  is  s u f f ic ie n t .
2. For research purposes i t  is  recommended th a t a sm alle r, more stream­
lin e d  flow sheeting program be used. P ra c t ic a lly  a l l  of the reported  
research in th is  area u t i l iz e d  s m alle r, more compact systems th a t  
provide e s s e n t ia lly  un lim ited  f l e x i b i l i t y .  I t  is  v i ta l  th a t the 
worker have access to the system code i f  the u ltim a te  p o te n tia l o f a 
given approach or class of algorithm s is  to be in ve s tig a te d  f u l ly .  
The a b i l i t y  to  form ulate the most advantageous model possib le is  ex­
trem ely im portant to the u ltim a te  success of whichever op tim iza tio n  
a lgorithm  is  used.
3. Further research in to  the SLP a lgorithm  should t r y  to d e lin e a te  the 
le a s t expensive and the most accurate means to obtain d e r iv a tiv e  ap­
proximation! d ata . This is  a key issue to a l l  th ree  techniques re ­
ported here. Since the SLP approach lacks the advantage of 
considering h igher order in fo rm atio n , e f fo r ts  should extend to how, 
when, and which h igher order search techniques might be combined 
w ith  the SLP approach in order to improve e f f ic ie n c y  and accuracy.
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4. The e f fo r ts  of several workers w ith  the SQP algorithm s are generat­
ing some in te re s tin g  and useful re s u lts . The s ig n ifican ce  of the 
scaling of various elements p r io r  to the search g re a tly  a ffe c ts  the 
e ff ic ie n c y  and u ltim a te  success of the technique. Continued e f fo r ts  
are needed towards developing methods fo r  determ ining the optimal 
scaling fac to rs  before a search.
5. The GRG a lgorithm  performed w e ll. I t  is  a lo g ic a l algorithm  to use 
i f  a n on linear o b je c tiv e  function  e x is ts  or i f  i t  is  possible to 
cheaply obtain a non linear approximation to the sim ulation model. 
Further studies should be geared towards determ ining the re la t iv e  
m erits associated w ith  developing higher order models of the simu­
la tio n  and then solving them w ith  GRG algorithm s.
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Nomenclature 
A Converter cross sectional area
Anb M atrix  of f i r s t  p a r t ia l  d e r iv a tiv e s  w ith  respect to nonbasic
reduced grad ien t va ria b le s  defined in ( 1- 2 2 )
A^ M atrix  of f i r s t  p a r t ia l  d e r iv a tiv e s  w ith  respect to basic
reduced g rad ien t va ria b le s  defined in ( 1- 2 2 ) 
a^. P a r t ia l d e r iv a tiv e s  of c o n s tra in t equations w ith
respect to the independent v a ria b le s  defined in ( 1- 6 )
B Quasi-Newton m atrix  o f f i r s t  p a r t ia l  d e r iv a tiv e s  o f the
Lagrangian function w ith  respect to  the independent 
v a ria b le s  defined in (1 -1 4 )  
b^  R ight hand side of c o n s tra in t equation defined in (1 -5 )
0^ Gas heat capacity
c i P a r t ia l d e r iv a tiv e s  of o b je c tiv e  function  w ith
respect to the independent v a ria b le s  defined in ( 1- 6 ) 
E ffe c tiv e  d i f f u s iv i t y  
d C ata ly s t p e lle t  diam eter
d^  Inner diam eter of Rashing ring  c a ta ly s t p e lle t
d-j C a ta ly s t p e lle t  e f fe c t iv e  reaction  length
dQ Outer diam eter of Rashing ring  c a ta ly s t p e lle t
dp C ata ly s t p e lle t  diam eter as a sphere of the same surface area
defined in (3 -4 )
F$q SOg flo w ra te  in the gas stream leaving the reac to r beds
f  P r o f i t  or o b je c tiv e  function
g E q u a lity  co n s tra in t equation
H Enthalpy of gas stream
h In e q u a lity  c o n s tra in t equation
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I  Id e n t ity  m atrix
i , j , k ,  In te g e r counters  
m,n
J Jacobian m atrix  of the e q u a lity  c o n stra in ts  defined in (1 -1 4 )
K Jacobian m atrix  of the in e q u a lity  c o n stra in ts  defined
in (1 -1 4 )  
k Reaction ra te  constant
L Lagrangian function
1.. Lagrange m u lt ip l ie r
l j  Lower l im i t  on independent va ria b le s  defined in (1 -5 )
q ^  Second p a r t ia l  d e r iv a tiv e s  of o b je c tiv e  function w ith
respect to the independent va ria b le s  defined in (1 -9 )  
r Vector of re s u lts  v a riab les
Sj Slack va ria b le s
TH T h ie le  modulus defined in (3 -4 )
u Vector o f model va ria b le s
Uj Upper l im i t  on independent va ria b le s  defined in (1 -5 )
x Vector o f in le t  stream v ariab les
y Vector of o u t le t  stream v a riab les
z Vector o f in te rn a l v a riab les
Zj A r t i f i c i a l  v a riab les
Greek symbols
a Line search parameter
6 Q uadratic programming problem so lu tion  vector
A D iffe ren ce  operator
VHr Heat of reac tio n  fo r  SO^  to SO-j
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Del operator 
C ata lys t void fra c tio n  
C ata lys t bulk density
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Appendix A:
M odified Doering Reactor Model 
and Subroutine NEWTEM
This appendix l is t s  the Doering re ac to r module which was m odified as 
described in Chapter I I I  in order to sim ulate the Freeport Chemical 
Company's contact s u lfu r ic  acid p la n t. The gas temperature ca lc u la tio n  
subroutine NEWTEM which was described in Chapter I I I  is  included a f te r  
the reac to r module. Together these subroutines co n s titu te  the user sup­
p lie d  FORTRAN add module input code also described in Chapter I I I .
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Modified Doering Reactor and Subtroutine NEWTEM
C-
C-INPUT CRITICAL PROPERTIES FOR COMPONENTS. 
C-
ATC(1)= 126.06 
AVC(1)= 90.032  
ATC(2)= 154.36  
AVC(2)= 74.419  
ATC(3 )=  430.36 .
AVC(3)= 123.077  
ATC(4)= 647.31  
AVC(4)= 55.728  
ATC(5)= 491.46  
AVC(5)= 126.984  
AT C( 6 )= 1313.16 
AVC(6 )= 0.
FLAGEQ= 1 
Y (1)=0 .
Y(2)=SIENTH(1)
M=EQPAR(3)+.01 
ACTIV=EQPAR(11)
IF (A C TIV . LT.0 .0 1 )  ACTIV=1.0 
SOTEMP(1)=SITEMP(1)
C- IF(S ITEM P(1 ) . LT.1 2 4 8 .) GO TO 105
IF(EQPAR(1 2 ) .LT.0 .0 1 )  EQPAR(12)=1572. 
SOVP FR(1)=SI VP FR(1)
SOMOLE(l)=SIMOLE(1)
SOENTH(1)=SIENTH(1)
TSAVE=SITEMP(1)
HSAVE=SIENTH(1)
DO 1 1=1,NOCOMP 
1 SOCOMP(1,1 )=SI COMP(1 ,1 )
TS02=SIC0MP(3 ,1 )+SICOMP(5 ,1 )
T02=SIC0MP(2 ,1 )+SICOMP(5 ,1 ) / 2 .
TM=SIM0LE(l)+SICOMP(5 , l ) / 2 .
XS02=TS02/TM
X02=T02/TM
EF=EQPAR(5)
DT=5.
STPD=TS02*1.178 
C- AC=TM*359./4800.
AC=1134.
Z=EQPAR(7)
EQPAR(9)=Z*AC*28.316 
EQPAR(4)=EQPAR(9)/STPD 
H=Z/M
C- CATALYST PHYSICAL PROPERTIES ARE SET 
IF(EQPAR(2 ) .G T .0 .0 1 ) GO TO 2 
RH0CAT=38.1 
AAVG=6. 14E-5
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THET A=0.483 
TAU=8.19 
DIAMP= .0540 
DIAML=.00907 
GO TO 3
2 RH0CAT=33.8  
AAVG=3. 79E-5 
THETA=0.534 
TAU=3.
DIAMP= .0405 
DIAML=.00681
3 EPS=0,38
AV=6 . * (  1 . -EPS)/DIAMP 
PH1=0.91
C- CALCULATE MW AND CONSTANT FOR VISCOSITY EQN.
WMW=0.
DO 4 1=1,NOCOMP
V ( I ) = 8 . 06E-3*SQRT(AMW(I)*ATC(I) ) / ( AVC (I) * * .6 6 7 )  
X (I)=S IC O M P (I, l)/S IM O L E (1)
4 WMW=WMW+AMW(I)*X(I)
G=4800. *WMW*SIMOLE(1 ) / ( 3 5 9 . *TM)
SOPRES(1)=SIPRES(1)-0.20*Z 
C- 22 INCH W.C. DELTA P ALLOWANCE FOR DIRT FACTOR 
IF(EQPAR(1 ) . EQ.5 0 .)  SOPRES(1)=SOPRES(1) - 0 .8  
PP=SOPRES(1) / 1 4 .696 
PS02=XS02*PP 
P02=X02*PP
C-
C- RUNGA-KUTTA METHOD BEGINS FOR RATE CALC.
C-
5 DO 100 K=1,M 
J=0
Y 0(1 )= Y (1)
Y0(2)=Y (2)
10 T=(SOTEMP(1)+ D T ) / l .8  
K P =E X P (2 .3026*(5129 ./T -4 .869 ))
DELHR=1.8*(-24097. - 0 . 2 6 *T + 1 ,69E -3*T **2+ 1 . 5E5/T) 
DELHR=1. 015*DELHR 
DO 11 1=1,NOCOMP
11 P(I)=SOCOMP(1,1 )*PP/SOMOLE( 1) 
FE Q =1.-P (5)/(P (3)*S Q R T(P (2))*K P )
IF(FLAGEQ.EQ.2) GO TO 21 
IF(K.EQ.M ) GO TO 21
IF(FEQ. LT. 0 .5 .AND. KP. GT.1 0 0 .)  GO TO 103 
IF (FEQ .LT.O .3 ) GO TO 103 
21 IF(FEQ. LT.O .0001) GO TO 101 
IF(EQPA R (2).G T.0.01) GO TO 12 
A=EXP(-6 .8 + 4 9 6 0 ./T )
C=EXP(10.32 -7 3 5 0 ./T )
D=EXP(-7.58+6370./T )
GO TO 13
12 A=EXP(-5.69+4060./T )
C=EXP(6.45 -4 6 1 0 ./T )
D=EXP(-8 .5 9 + 7 0 2 0 ./T )
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13 R=PS02*SQRT(P02)*FEQ*EF*RH0CAT*ACTIV/
( A+C*PS02+D*P(5 ) )* *2  
F (1)=AC*R 
F(2)=-F(1)*DELHR  
J=J+1
DO 20 1=1,2 
20 KK(J, I)=H *F ( I )
GO TO (3 0 ,3 0 ,4 0 ,5 0 ) ,J
30 DO 31 1=1,2
31 Y ( I )= Y 0 ( I )+ 0 . 5*KK(J, I )
GO TO 52
40 DO 41 1=1,2
41 Y (I)= Y 0 (I)+ K K (J , I )
GO TO 52
50 DO 51 1=1,2
51 Y ( I )= Y 0 ( I ) + . 166667*(KK(1 , I)+ 2 *K K (2 , I)+ 2 *K K (3 , I )+
KK(4, I ) )
52 IF ( Y ( 1 ) . GT. SICOMP(3 ,1 ) )  GO TO 101 
SOCOMP(5 ,1 )=SICOMP(5 ,1 )+ Y (1)
SOCOMP(3 ,1 )=SI COMP( 3 ,1 ) - Y ( 1)
SOCOMP(2 ,1 )=SICOMP(2 ,1 ) - Y ( 1) / 2 . 
S 0 M 0 L E (l)= S IM 0 L E (l)-Y (l)/2 .
DELHRX=Y(2)-SOENTH(1)
SOENTH(1)=Y(2)
CALL NEWTEM(SOCOMP, SOMOLE, DELHRX, SOTEMP)
IF (J .L T .4 )  GO TO 10 
IF(K.EQ.M ) GO TO 100 
C- CATALYST EFFECTIVENESS FACTOR CALC. 
DK=9700.*AAVG*SQRT(T/64.)
DOMEGA=l.0 7 5 * (T /1 6 2 .3 ) * * ( -0 .1 6 1 5 )+
2 *(T /1 6  . 2 3 )**(-0 .7 4 *A L O G 1 0 (T /1 6 .2 3 ))
DS02=2. 7 2 E -5 *T **1 . 5/(PP*DOMEGA)
DPORE=l. / ( 1 . /DS02+1. /DK)
DEFF=3. 88*DP0RE*THETA/TAU 
C S 0 2 = P (3 )/(0 .7 2 9 *T *1 .8 )
TH=DIAML*SQRT(R/'(EF*( 1 .-EPS)*CS02*DEFF))
EF=3. /T H * (1 . /TANH(TH)-1. /TH)
• IF(EQPAR(1).EQ.110..AND.EQPAR(2).LT.O .01)
EF=0.8*EF
IF(EQ PAR(1).EQ.110..AND.EQPAR(2).GT.0.01)
EF=0. 4*EF
IF (D T .L T .0 .2 ) GO TO 104 
C- BULK GAS TO PELLET TEMP. GRADIENT CALC.
VMU=0.
WMW=0.
DO 60 1=1,NOCOMP 
X (I)= P ( I) /P P
TR=SOTEM P(1)/(ATC(I)*1. 8 )
FTR=1. 058*T R **0 .6 4 5 -0 .2 6 1 / (1 .9 *T R )* * (0 .9*ALOG10(1 .9*T R )) 
VMU=VMU+X(I)*FTR*V(I)
60 WMW=WMW+X(I)*AMW(I)
G=4800. *WMW*SOMOLE(1 ) / ( 4 9 2 . * 0 .729*TM)
RE=G/(AV*PHI*VMU)
H JH =PH I*R E**(-0 .51)
Reproduced with perm ission o f the copyright owner. Further reproduction prohib ited w ithout permission.
336
PRN=0.S3
CP=(SOENTH(1 )-HSAVE) /
( ( SOTEMP( 1)-TSAVE)*SOMOLE( 1 )*WMtf) 
TSAVE=SOTEMP(1)
HSAVE=SOENTH(1)
Q=R*DELHR/(AV*PHI*CP*G)
DT=-Q*PRN/HJH
104 CONTINUE
100 CONTINUE
IF(SOTEMP(1 ) .GT. EQPAR(12 )) GO TO 105 
GO TO 102 
103 FLAGEQ= 2 
MM1=M—1 
MM3=M-3 
M=15
C- IF(EQPAR(1 ) . EQ.1 5 . .AND. K. EQ. MM1) M=8  
IF(EQPAR(1 ) . EQ.9 0 . .AND. K. EQ. MM1) M=8  
IF(EQPAR(1).EQ.110..AND.K.LT.MM1) M=20 
IF(EQPAR(1).EQ.110..AND.K.LT.MM3) M=30
H=(Z- K *H -J*H /4 .)/M  
GO TO 5
105 VTST= 2 
GO TO 70
101 CONTINUE
102 CONV=SOCOMP(5 ,1 )/TS02  
EQPAR(6 )=AC 
EQPAR(8)=C0NV
70 RETURN 
END
SUBROUTINE NEWTEM(SOCOMP,SOMOLE,DELHR.TREF) 
DIMENSION ALPHA(6 ),BETA(6 ),GAMMA(6 ),XFRAC(6 ) , 
1 S0C0MP(6, 1 ) ,SOMOLE(1)
LIMIT=10 
ACC=1./LIMIT 
ALPHA(1)= 6 .903 
ALPHA(2)=6.085 
ALPHA(3)=6.157 
ALPHA(5)=10.964 
B E T A (l)= -3 . 753E-4 
BETA(2)=3.631E-3 
BETA(3)=1. 384E-2 
BETA(5)=1.251E-2 
GAMMA(1)= 0 . 193E-5 
GAMMA(2)=-0.1709E-5 
GAMMA(3)=-0. 9103E-5 
GAMMA(5)=-0.6523 E—5 
ALPMIX=0.
BETMIX=0.
GAMMIX=0.
J=0
DO 1 1=1.6 
C- XFRAC(I)=SOCOMP(1,1 )/SOMOLE( 1)
ALPMIX=ALPMIX + SOCOMP(I,1 )*ALPHA(I)
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BETMIX=BETMIX + SOCOMP(I, 1)*B ETA (I)
GAMMIX=GAMMIX + SOCOMP( 1 ,1 ) *GAMMA( I )
1 CONTINUE 
10 CONTINUE
J=J+1
CPTREF=(ALPMIX+BETMIX*(TREF/1.8)+GAMMIX*(TREF/1.8)**2)
TEMP=TREF + ACC*DELHR/CPTREF
IF(TEM P.LT.4 0 0 .0 .OR.TEMP.GT.2800.0) TEMP= 1000.0
2 TREF=TEMP
IF (J .G E .L IM IT ) GO TO 3 
GO TO 10
3 RETURN 
END
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Appendix B:
IBM JCL fo r  the Execution of the ChemShare 
DESIGN/2000 Sim ulator
This appendix l is t s  the IBM Job Control Language input code which is  
required to execute the ChemShare DESIGN/2000 s im ulator on an IBM 3033, 
3081, or 3084 mainframe computer using the TSO operating system.
Reproduced with perm ission o f the copyright owner. Further reproduction prohib ited w ithout permission.
339
//CHEPIKD JOB ( )
//DES EXEC PGM=DESII, REGION=3400K,TIME=10 
//STEPLIB DD DSN=CHEPIK. DESIGN.LOAD,DISP=SHR.UNIT=DISK 
//FT05F001 DD DSN=CHEPIK.P. DATA(MOD),DISP=SHR,UNIT=DISK 
/ /*FT06F001 DD SYSOUT=*
//FT06F001 DD DSN=CMRICH.OUTP,UNIT=DISK,DISP=SHR 
/ / *  FT 0 6 F 0 01 DD DSN=CMRICH.OUTP,UNIT=DISK,
/ / *  DISP=(NEW.CATLG), SPACE=(TRK,(20,5).R ISE),
/ / *  VOL=SER=USER77, DCB=(RECFM=FBA,LRECL=133, BLKSIZE=1330) 
//FT07F001 DD DCB=(RECFM=VBS, LRECL=330S, BLKSIZE=3312), 
/ /  SPACE=(TRK,( 3 ,1 )),U N IT=D ISK
//FT08F001 DD DCB=(RECFM=VBS,LRECL=3308,BLKSIZE=3312), 
/ /  SPAC E=(TRK, ( 3 , 1 ) ) ,UNIT=DISK
//FT09F001 DD DCB=(RECFM=VBS. LRECL=3308, BLKSIZE=3312), 
/ /  SPACE=(TRK,(3,1)),UNIT=DISK
//FT10F001 DD DCB=(RECFM=VBS, LRECL=3308, BLKSIZE=3312), 
/ /  SPACE=(TRK,(3,1)), UNIT=DISK
//FT11F001 DD DCB=( REC FM=VBS. LREC L=3 308, B LKS IZE-=3312), 
/ /  SPACE=(TRK,( 3 , 1 ) ) ,UNIT=DISK
//FT12F001 DD DCB=(RECFM=VBS,LRECL=3308,BLKSIZE=3312), 
/ /  SPACE=(TRK,(1,1)),UNIT=DISK
//FT13F001 DD DCB=(RECFM=VBS, LRECL=3308, BLKSIZE=3312), 
/ /  SPACE=(TRK,(1,1)),UNIT=DISK
/ /F T 14 FOO1 DD DCB=(RECFM=VBS, LRECL=3308, BLKSIZE=3312), 
/ /  SPAC E=(TRK, ( 1 , 1 ) ) ,UNIT=DISK
/ /F T 15 FOO1 DD DCB=(RECFM=VBS, LRECL=3308, BLKSIZE=3312 ), 
/ /  SPACE=(TRK,(1,1)).UNIT=DISK
/ /F T 16 FOO1 DD DCB=(RECFM=VBS, LRECL=3308, BLKSIZE=3312), 
/ /  SPACE=(TRK,( 1 , 1 ) ) ,UNIT=DISK
/ /F T 17 FOO1 DD DCB=(RECFM=VBS, LRECL=3308, BLKSIZE=3312 ), 
/ /  SPACE=(TRK,( 1 , 1 ) ) . UNIT=DISK
//FT18F001 DD DCB=(RECFM=VBS, LRECL=3308,BLKSIZE=3312), 
/ /  SPACE=(TRK,(1,1)),UNIT=DISK
//FT19F001 DD DCB=(RECFM=VBS, LRECL=3308, BLKSIZE=3312) ,  
/ /  SPACE=(TRK.(1,1)),UNIT=DISK
//FT20F001 DD DCB=(RECFM=VBS,LRECL=3308.BLKSIZE=3312), 
/ /  SPACE=(TRK, ( 1 , 1 ) ) ,UNIT=DISK
//FT21F001 DD DCB=(RECFM=VBS, LRECL=330S, BLKSIZE=3312), 
/ /  SPAC E=(TRK, ( 1 , 1 ) ) ,UNIT=DISK
//FT22F001 DD DCB=(RECFM=VBS,LRECL=3308,BLKSIZE=3312), 
/ /  SPACE=(TRK,( 1 , 1 ) ) ,UNIT=DISK
/ / FT23 FOO1 DD DCB=(RECFM=VBS, LRECL=3308, BLKSIZE=3312), 
/ /  SPACE=(TRK,( 1 , 1 ) ) ,UNIT=DISK
//FT24F001 DD DCB=(RECFM=VBS, LRECL=3308,BLKSIZE=3312), 
/ /  SPACE=(TRK,(1,1)),UNIT=DISK
//FT25F001 DD DCB=(RECFM=VBS, LRECL=3308, BLKSIZE=3312), 
/ /  SPACE=(TRK,( 1 ,1 )),U N IT=D ISK
//FT26F001 DD DCB=(RECFM=VBS, LRECL=3308,BLKSIZE=3312), 
/ /  SPACE=(TRK,( 1 , 1 ) ) ,UNIT=DISK
/ / FT27 FOO1 DD DCB=(RECFM=VBS, LRECL=3308,BLKSIZE=3312), 
/ /  SPACE=(TRK,(1 , 1 ) ) ,UNIT=DISK
//FT28F001 DD DCB=(RECFM=V, LRECL=3308,BlKSIZE=3312),
/ /  SPACE=(TRK,( 1 0 ,1 0 ) ) ,UNIT=DISK
/ / FT29 FOO1 DD DCB=(RECFM=VBS, LRECL=3308, BLKSIZE=3312),
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/ /  SPAC E=(TRK, ( 1 , 1 ) ) , UNIT=DISK
/ / FT30F001 DD DCB=(RECFM=VBS, LRECL=3308. BLKSIZE=3312) ,  
/ /  SPACE=(TRK,(1,1)).UNIT=DISK
//FT35F001 DD DSN=CHEPIK.ACCOUNT.UNIT=DISK,DISP=SHR
//FT36F001 DD DSN=CHEPIK.INLINE2,UNIT=DISK,
/ /  DISP=(NEW.DELETE),SPACE=(8000,(9 0 ,2 0 ) ,RLSE),
/ /  V0L=SER=USER78,DCB=(RECFM=F.BLKSIZE=8000)
/  /' FT 3 7 FOO 1 DD DSN=CHEPIK.CORR.DISP=SHR,UNIT=DISK
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Appendix C:
IBM JCL, CHEMTRAN Code, and Vermeulen VLE Data 
fo r  the Determ ination o f the Rennon C o e ffic ie n ts
This appendix l is t s  the IBM Job Contol Language required to execute 
the ChemShare CHEMTRAN physical p ro p erties  program on the IBM 3033, 
3081, and 3084 mainframe computer using the TSO operating system. The 
VLE data provided by Professor Vermeulen fo r  the determ ination o f the 
b inary in te ra c tio n  parameters for the Rennon equation are also l is te d .
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//CHEPIKY JOB ( )
//CHEM EXEC PGwi=CHMTRN, REG I ON= 1600K
//STEPLIB DD DSN=CHEPIK.CHMTRN. LOAD,DISP=SHR, UNIT=DISK
//FT05F001 DD DDNAME=SYSIN
//FT06F001 DD SYSOUT=*
//FT07F001 DD DCB=(RECFM=VBS. LRECL=330S, BLKSIZE=3312),
/ /  SPACE=(TRK.(3.n).UNIT=DISK
//FTOSFOOl DD DCB=(RECFM=VBS, LRECL=330S. BLKSIZE=3312) ,
/ /  SPACE=(TRK,( 3 ,1 )),U N IT=D ISK
/ / FT09 FOO1 DD DCB=(RECFK=VBS, LRECL=3308, BLKSIZE=3312),
/ /  SPACE=(TRK,(3,1)),UNIT=DISK
/ / FT1OFOO1 DD DCB=(RECFM=VBS, LRECL=330S,BLKSIZE=3312),
/ /  SPACE=(TRK,( 3 , 1 ) ) ,UNIT=DISK
/ /F T 11FOO1 DD DCB=(RECFM=VBS, LREC L=330S, BLKSIZE=3 312), 
/ /  SPACE=(TRK,( 3 , 1 ) ) ,UNIT=DISK
/ /F T 12 FOO1 DD DCB=(RECFMf VBS, LRECL=330S, BLKSIZE=3312), 
/ /  SPACE=(TRK,(1,1)),UNIT=DISK
/ /F T 13 FOO1 DD DCB=(RECFM=VBS, LRECL=3308, BLKSIZE=33 12), 
/ /  SPAC E=(TRK, ( 1,1)),U N IT=D ISK
/ / FT14 F0 01 DD DCB=(RECFM=VBS, LRECL=3308,BLKSIZE=3312), 
/ /  SPAC E=(TRK, ( 1 ,1)),UNIT=DISK
/ /F T 1B FOO1 DD DCB=(RECFM=VBS, LRECL=3308, BLKSIZE=3312), 
/ /  SPACE=(TRK,(1,1)),UNIT=DISK
//FT16F001 DD DCB=(RECFMf VBS, LRECL=3308, BLKSIZE=3312), 
/ /  SPACE=(TRK,( 1 , 1 ) ) , UNIT=DISK
//FT17F001 DD DCB=(RECFM=VBS, LRECL=3308,BLKSIZE=3312), 
/ /  SPAC E=(TRK, ( 1 , 1 ) ) .UNIT=DISK
/ / FT18 F0 01 DD DCB=(RECFM=VBS, LRECL=3308,BLKSIZE=3312), 
/ /  SPACE=(TRK,(1,1)).UNIT=DISK
/ / FT19 F 0 01 DD DCB=(RECFM=VBS. LRECL=3308,BLKSIZE=3312), 
/ /  SPACE=(TRK, ( 1 , 1 ) ) , UNIT=DISK
//FT20F001 DD DCB=(RECFM=VBS, LRECL=3308,BLKSIZE=3312), 
/ /  SPACE=(TRK,( 1 , 1 ) ) , UNIT=DISK
/ / FT21FOO1 DD DCB=(RECFM=VBS, LRECL=3308, BLKSIZE=3312), 
/ /  SPACE=(TRK,( 1 , 1 ) ) ,UNIT=DISK
//FT22F001 DD DCB=(RECFM=VBS,LRECL=3308,BLKSIZE=3312), 
/ /  SPACE=(TRK, ( 1 , 1 ) ) ,UNIT=DISK
//FT23F001 DD DCB=(RECFM=VBS, LRECL=3308, BLKSIZE=3312 ), 
/ /  SPACE=(TRK,(1 , 1 ) ) ,UNIT=DISK
/ / FT 2 4 FO 01 DD DCB=(RECFM=VBS, LRECL=330S,BLKSIZE=3312), 
/ /  SPACE=(TRK,( 1 , 1 ) ) , UNIT=DISK
/ / FT25 FOO1 DD DCB=(RECFM=VBS,LRECL=3308,BLKSIZE=3312), 
/ /  SPACE=(TRK,( 1 , 1 ) ) ,UNIT=DISK
//FT26F001 DD DCB=(RECFM=VBS,LRECL=3308,BLKSIZE=3312), 
/ /  SPACE=(TRK,(1 , 1 ) ) ,UNIT=DISK
//FT27F001 DD DCB=(RECFM=VBS, LRECL=3308, BLKSIZE=3312), 
/ /  SPACE=(TRK,( 1 , 1 ) ) ,UNIT=DISK
//FT28F001 DD DCB=(RECFM=VBS,LRECL=3308,BLKSIZE=3312), 
/ /  SPACE=(TRK,( 1 , 1 ) ) ,UNIT=DISK
//FT29F001 DD DCB=(RECFM=VBS, LRECL=3308,BLKSIZE=3312), 
/ /  SPAC E=(TRK, ( 1,1)),U N IT=D ISK
//FT30F001 DD DCB=(RECFMf VBS, LRECL=3308, BLKSIZE=3312),
/ /  SPAC E=(TRK, ( 1 , 1 ) ) , UNIT=DISK
/ / FT35 FOO1 DD DSN=CHEPIK.ACCOUNT>UNIT=DISK,
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/ /  DISP=(OLD, KEEP)
//FT36F001 DD DSN=CHEPIK.CORR.DISP=(NEW.CATLG.DELETE), 
/ /  UNIT=DISK,DCB=(RECFM=F,BLKSIZE=8000),
/ /  SPACE=(8000, ( 1 5 ) ) , VOL=SER=USER04
/ / FT37 FOO1 DD DUMMY 
//SYSIN  DD *
HU983.
* H20 'S03 VLE 
COM=46,47 ,51 ,6 2 ,1 0 6 8 ,2 0 0  
NAM 200 =SULFUR 
MOL 200 = 32.066  
TB(C) 200 = 444.6  
TC(C) 200 = 1040 
PC(ATM) 200 =116 
VC(CM3/G) 200 = 2 .48
CP-T(CAL/GMOL/K,K,CON) 200 = 3 7 5 ,5 0 0 ,2 .9 8 6 3 ,.0 1 0 5 8 ,.816E-5 
RENON K
BIN 6 2 ,1 0 6 8 = 1 7 5 .9 9 ,-2 1 9 3 1 .3 ,-1 8 8 3 7 .7 ,.0 0 2 0 1 5 4 ,
.00218871,.229201,.229201
FIL NEW = H20,S03,VLE 
T-P-Y-X(C ,BAR)62,1068= 
40, . 286E -4 , .9979, .6161
50, . 645E -4 , .9975, .6161
60, .141E—3, .9971, .6161
70, .287E-3, .9966, .6161
80, . 571E-3, .9962, .6161
90, .106E-2, .9950, .6161
1 0 0 , . 195E-2, .9950, .6161
1 1 0 , .336E-2, .9944, .6161
1 2 0 , . 575E-2, .9937, .6161
40, . 707E -5 , .9837, .5740
50, . 166E-4, .9820, .5740
60, . 380E-4, .9802, .5740
70, .802E-4, .9784, .5740
80, . 166E-3, .9766, .5740
90, .319E-3, .9747, .5740
1 0 0 , .607E-3, .9727, .5740
• 1 1 0 , . 109E-2, .9709, .5740
1 2 0 , . 192E-2, .9688, .5740
40, .293E-5, .9502, .5509
50, . 703E-5, .9465, .5509
60, . 164E-4, .9429, .5509
70, . 352E-4, .9392, .5509
80, .742E-4, .9358, .5509
90, .146E-3, .9323, .5509
1 0 0 , . 283E -3 , .9289, .5509
1 1 0 , . 514E-3, .9255, .5509
1 2 0 , . 929E-3, .9222, .5509
40, . 173E-5, .9090, .5388
50, .419E-5, .9034, .5388
60, . 987E-5, .8985, .5388
70, .215E-4, .8934, .5388
80, . 458E -4 , .8887, .5388
90, .909E-4, .8842, .5388
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1 0 0 , . 178E-3, .8797, .5388
1 1 0 , . 328E-3, .8756, .5388
1 2 0 , . 598E-3, .8717, .5388
40, . 914E-6, .8243, .5263
50, . 225E -5 , .8170, .5263
60, . 538E-5, .8106, -.5263
70, . 119E-4, .8040, .5263
80, . 257E -4 , .7979, .5263
90, . 517E-4, .7928, .5263
1 0 0 , . 103E-3, .7873, .5263
1 1 0 , . 192E-3, .7825, .5263
1 2 0 , . 354E-3, .7771, .5263
40, . 630E-6, .7522, .5199
50, . 157E-5, .7441, .5199
60, . 379E-5, .7368, .5199
70, .844E-5, .7297, .5199
80, . 184E-4, .7231, .5199
90, . 374E-4, .7179, .5199
1 0 0 , . 751E-4, .7112, .5199
1 1 0 , . 141E-3, .7000, .5199
1 2 0 , . 263E -3 , .7000, .5199
40, . 425E -6 , .6495, .5134
50, . 108E-5, .6416, .5134
60, .264E-5, .6340, .5134
70, . 597E-5, .6265, .5134
80, . 132E-4, .6191, .5134
90, . 274E-4, .6118, .5134
1 0 0 , . 555E-4, .6048, .5134
1 1 0 , . 106E-3, .5894, .5134
1 2 0 , . 201E -3 , .5894, .5134
40, . 323E-6, .5143, .5067
50, . 851E -6 , .5035, .5067
60, . 216E-5, .4923, .5067
70, . 508E-5, .4806, .5067
80, . 177E-4, .4686, .5067
90, .250E-4, .4559, .5067
1 0 0 , . 527E-4, .4427, .5067
1 1 0 , . 105E-3, .4292, .5067
1 2 0 , .206 E—3, .4148, .5067
40, .425E-6, .3749, • 5,
50, .118E-5, .3550, ■ 5,
60, .319E-5, .3349, .5 ,
70, . 794E-5, .3147, .5 ,
80, . 193E-4, .2947, .5 ,
90, . 435E -4 , .2757, .5 ,
1 0 0 , . 966E -4 , .2569, .5 ,
1 1 0 , . 201E -3 , .2388, .5 ,
1 2 0 , .414E-3, .2217, .5
END
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Appendix D:
Economic Evaluation Program SHUF1 and Sample Output
This appendix l is t s  the economic evaluation  program described  
Chapter I I I  together w ith a sample output. This program scans 
ChemShare DESIGN/2000 output fo r  the p e rtin e n t v a r ia b le  re s u lts , i 
those re s u lts  in the c a lc u la tio n  o f the economic status o f the si 
la t io n , and w rites  the re s u lts  and c a lc u la tio n s  to an output f i l e .
i n 
the 
jses 
imu-
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//CHEPIK1 JOB ( )
/ 'S I  EXEC FORTGCLG.PARVf 'NOMAP.NOXREF.LIST' 
//FO RT. SYSIN DD *
c Economic Evaluation Program SHUF1
INTEGER CARD(20)
INTEGER CFLAG! ' C- XX1/
INTEGER CON/1CONV' /
INTEGER PUM/'PUMP7 
INTEGER ADD/'ADD ' /
INTEGER D IV / 'D IV I ' /
INTEGER BLK/ 1 7  
INTEGER STR/ 1 STR1/
INTEGER EQU/'+EQU1/
INTEGER EXC/'EXCH1/
INTEGER SN
REAL XX( 6 ) .P (3 ) ,C (4 )
DEFINE FILE 9 (4 1 4 ,8 0 .L .IF L 9 )
N=0 
1 CONTINUE 
C FIND ITERATION NUMBER
READ(7,10,END=300) CARD
10 FORMAT(IX,20A4)
IF(CARD( 1 ) .EQ.CFLAG) GO TO 11 
GO TO 1
11 W RITE(8,18) BLK 
ITN=CARD(2)
WRITE(8 , 12) ITN
12 FORMAT(11 1 ITERATION NUMBER = 1 ,A4)
C DO 30 1=1,4
C DO 100 J= l,1 0 0 0
C FIND NUMBER OF ITERATIONS TO CONVERGENCE
13 READ(7,1 0 ,END=300) CARD 
IF(CARD(6 ).EQ.CON) GO TO 14 
IF(CARD(2). EQ.EQU) GO TO 2 
GO TO 13
• 2 WRITE(8,18 ) BLK
W RITE(8,15) (C A R D (I),1=1,12)
GO TO 3
14 WRITE(8,18 ) BLK 
WRITE(8,15 ) CARD
15 FORMATC 1 ,20A4)
3 WRITE(8»18) BLK
C FIND EQUIPMENT SUMMARY 
WRITE(8,21) BLK 
21 FORMATC 1 ,5 X ,
'* * * *  SELECTED EQUIPMENT SUMMARIES * * * * 1 ,A4) 
WRITE(8 ,1 8 ) BLK
16 READ(7 ,1 0 ,END=300) CARD 
IF(CARD(2).NE.D IV) GO TO 16 
WRITE(8,18 ) BLK
DO 17 1=1,4  
READ(7,1 0 ) CARD
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17 WRITE(8 ,1 5 ) CARD 
WRITE(8 ,1 8 ) BLK 
DO 19 1=1,8
19 READ(7 ,1 0 ) CARD 
DO 20 1=1,5 
READ(7,10) CARD
20 WRITE(8 ,1 5 ) CARD 
IS FORMATC 1 , 1A4)
C WRITE(8 ,1 8 ) BLK 
DO 38 1=1,5 
READ(7,10) CARD 
38 WRITE(8,15) CARD 
C FIND COOLING WATER USAGE 
85 READ(7 ,1 0 ,END=300) CARD 
IF(CARD(2).NE.EXC) GO TO 85 
READ(7, 8 6 ) (C A R D (I),1 = 1 ,5 ) ,X X (1 ) ,XX(2)
85 FO R M A T(35(/),5A 4,T48,E10.4,T62,E10.4)
W RITE(8,18) BLK 
WRITE(8,87) BLK
87 FORMAT( 1 1,
'COOLING WATER USAGE EXC-220 EXC-230',A4)
WRITE(8 , 8 8 ) (C A R D (I),1 = 1 ,5 ) ,XX(1 ) , XX(2)
88 FORMATC 1 , 5A4, IX . 2 (E l0 .4 .  3X) )
Y15=XX(1)
Y16=XX(2)
C FIND COMPRESSOR HORSEPOWER USAGE 
37 READ(7 ,1 0 ,END=300) CARD 
IF(CARD(2).NE.PUM) GO TO 37 
W RITE(8,18) BLK 
W RITE(8,90) BLK 
90 FORMATC1 1,
'STEAM TURBINE BLOWER HORSEPOWER USAGE',A4)
READ(7 ,2 3 ) (CARD(I) ,1 = 1 ,4 ) ,X X (1)
23 FORMAT( 16 (/ ) , IX ,4A 4 ,3X , F7.0 )
WRITE(8 ,22 ) (C A R D (I),1 = 1 ,4 ) ,XX(1)
22 FORMATC' ' ,4A 4 ,3X ,F 7 .0 )
Y13=XX(1)
C FIND INDIVIDUAL BED CONVERSIONS
24 READ(7,10,END=300) CARD
IF(CARDC2 ) .NE.ADD) GO TO 24 
W RITE(8,18) BLK 
READ(7,2 5 ) CARD
25 FORMATC//,IX,20A4)
WRITE(8 ,1 5 ) CARD 
READ(7,26) CARD
26 FO R M A T C //////,IX .20A 4)
W RITE(8,27) (C A R D (I),1= 4 ,20 )
27 FORMATC ' , 'CONVERSION',3X,17A4)
C FIND STREAM SUMMARY DETAILS
W RITE(8,18) BLK 
WRITE(8 ,3 6 ) BLK 
36 FORMATC' ' ,5X,
' * * * *  SELECTED STREAM SUMMARY DETAILS * * * * ' , A4)
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28 READ(7 ,2 9 ,END=300) CARD(1 ) , SN
29 F0RMAT(1X.A4,12X,I3)
IF(CARD(1 ) . NE.STR.OR.SN. NE.1) GO TO 28 
W RITE(8.18) BLK 
WRITE(8 ,3 0 ) SN
30 FORMATC 1 STREAM NUMBER = ’ ,13)  
READ(7,31) CARD
31 FORMAT( / / / , IX .20A 4)
WRITE(8.15) CARD
DO 32 1=1.2 
READ(7,10 ) CARD
32 WRITE(8 ,1 5 ) CARD
READ(7,33 ) (C A R D (I),1 = 1 ,5 ) ,XX
33 FORMAT(/ / / / / / / , 1 X, 5A4, 6 ( F7. 0 , IX ) )
WRITE(8 ,39 ) (CARD(I) , 1 = 1 ,5 ) ,XX
39 FORMATC1 ' , IX , 5A4,6 (F 7 . 0 , IX ) )
X1=XX(1)
WRITE(8,18) BLK 
DO 34 1=1,3
34 READ(7,1 0 ) CARD 
DO 35 1=1,4 
READ(7,10 ) CARD
35 WRITEC8.15) CARD 
C STREAM NUMBER 40
40 READ(7,29,END=300) CARD(1 ) , SN 
IF(CARD(1 ) . NE.STR.OR.SN. NE.40) GO TO 40 
WRITE(8 ,1 8 ) BLK
WRITE(8 ,3 0 ) SN
READ(7 ,4 1 ) (C A R D (I),1 = 1 ,5 ) ,XX(1 )
41 FORMAT(1 7 ( / ) , 1 X, 5A4,3X, F7.2 )
WRITE(8 ,4 2 ) (CARD(I) , 1 = 1 ,5 ) ,X X (1)
42 FORMATC 1 ,1 X, 5A4, 3X, F7.2 )
X2=XX(1)
C STREAM NUMBER 41
43 READ(7,2 9 ,END=300) CARD(1 ) , SN 
IF(CARD(1 ) .NE. STR.OR.SN. NE.41) GO TO 43 
WRITE(8,18) BLK
• WRITE(8 ,3 0 ) SN
READ(7 ,4 1 ) (CARD(I) , 1 = 1 ,5 ) ,XX(1 )  
W RITE(8,42) (CARDCI) ,1 = 1 ,5 )  ,X X (1)
X3=XX(1)
C STREAM NUMBER 50
44 READ(7 ,2 9 ,END=300) CARD(1),SN
IF(CARD(1)■NE.STR.OR.SN. NE.50) GO TO 44 
W RITE(8,18) BLK 
WRITE(8 ,3 0 ) SN
READ(7 ,4 1 ) (C A R D (I),1 = 1 ,5 ) ,XX(1)
WRITE(8 ,4 2 ) (C A R D (I) ,I= 1 ,5 ),X X (1 )
Y2=XX(1)
C STREAM NUMBER 60
45 READ(7 ,2 9 ,END=300) CARD(1),SN
IF(CARD(1 ) . NE.STR.OR.SN. NE.60) GO TO 45 
W RITE(8.18) BLK 
WRITE(8,30 ) SN
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READ(7 .4 1 ) (C A R D (I).1 = 1 ,5 ) .X X (l)
WRITE(S.42 ) (CARD(I) ,  I = : ,5 ) ,XX(1)
X4=XX(1)
C STREAM NUMBER 70
46 READ(7,29,END=300) CARD(1),SN 
IF(CARD(1 ) . NE.STR.OR.SN. NE.70 ) GO TO 46 
WRITE(S.18) BLK
WRITE(S,30) SN
READ(7 .4 1 ) (CARD(I) ,1 = 1 .5 )  ,X X (1) 
W RITE(8,42) (CARD(I) , 1 = 1 ,5 ) .XX(1)
Y4=XX(1 )
C STREAM NUMBER 80
47 READ(7,2 9 .END=300) CARD(1 ) , SN 
IF(CARD(1 ) . NE.STR.OR. SN. NE.80) GO TO 47 
W RITE(8,18) BLK
WRITE(8,30) SN
READ(7,41 ) (CARD(I) ,1 = 1 ,5 )  ,X X (1)
WRITE(8 ,4 2 ) (CARD(I) ,1 = 1 ,5 ) ,X X (1)
VF=yyrii 
C STREAM NUMBER 90
48 READ(7,2 9 ,END=300) CARD(1).SN 
IF(CARD(1 ) . NE.STR.OR.SN. NE.90) GO TO 48 
WRITE(8,18) BLK
W RITE(8,30) SN
READ(7,41 ) (C A R D (I),1 = 1 ,5 ) .XX(1 )
"WRITE(8,42) (C A R D (I),1 = 1 ,5 ) ,XX(1)
Y6=XX(1)
C STREAM NUMBER 100
49 READ(7,29,ENQ=300) CARD(1).SN 
IF(CARD(1).NE.STR.OR.SN.NE.100) GO TO 49 
WRITE(S,18) BLK
WRITE(8,30) SN
READ(7 ,4 1 ) (CARD(I) , 1 = 1 ,5 ) ,XX(1) 
W RITE(8,42) (CARD(I) , 1 = 1 ,5 ) ,XX(1 )
X6=XX(1)
C STREAM NUMBER 110
50 READ(7,29,END=300) CARD(1),SN 
IF(CARD(1).NE.STR.OR.SN.NE.llO) GO TO 50 
WRITE(8,18 ) BLK
WRITE(8 ,3 0 ) SN
READ(7,41 ) (CARD(I) , 1 = 1 ,5 ) ,XX(1 )  
WRITE(8,42) (CARD(I) ,1 = 1 ,5 ) ,X X (1)
Y8=XX(1)
C STREAM NUMBER 210
51 READ(7 ,2 9 ,END=300) CARD(1 ) , SN 
IF(CARD(1).NE.STR.OR.SN.NE.210) GO TO 51 
WRITE(8,18 ) BLK
W RITE(8,30) SN
READ(7,5 2 ) (C A R D (I),1 = 1 ,5 ) ,XX(1)
52 F 0R M A T(8(/).1X ,5A 4,F7.3)
S02=XX(1)
READ(7 ,5 3 ) (C A R D (I),1 = 1 ,5 ) ,XX(1)
53 FORMAT( 4 ( / ) , IX , 5A4, F7.0 )
TOT=XX(1)
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Y10=(S02/T0T)*1E6  
WRITE(S.54) SO2.TOT.Y10
54 FORMAT( 1 1 , IX , 1S02(L8M0L/HR)=1 , F7.3 ,2X , 
,TOTAL(LBMOL/HR)=l ,F 7 .0 ,
1 /  ,2 X , ' S02 EMISSIONS(PPM)=',F7.0)
IF (S 02.G T .2000) GO TO 57 
GO TO 80
57 WRITE(8,58 ) BLK
58 FORMAT( '  1 . IX ,
1S02 EMISSION CONSTRAINT VIOLATION' ,A4)
GO TO 300 
C STREAM NUMBER 212
80 READ(7,2 9 ,END=300) CARD(1),SN
IF(CARD(1 ) . NE. STR.OR.SN. NE.212) GO TO 80 
WRITE(8 ,1 8 ) BLK 
W RITE(8,30) SN
READ(7 ,8 1 ) (C A R D (I),1 = 1 ,5 ) ,X X (1)
81 F0RM AT(9(/), IX ,5 A 4 ,6 (F 8 . 2 ) )
WRITE(8 ,4 2 ) (CARD(I) , 1 = 1 ,5 ) ,X X (1)
Y17=XX(1)
C STREAM NUMBER 217
82 READ(7 ,2 9 ,END=300) CARD(1),SN 
IF(CARD(1 ) . NE.STR.OR.SN. NE.217) GO TO 82 
WRITE(8,18 ) BLK
WRITE(8,30) SN
READ(7 ,8 1 ) (CARD(I) ,1 = 1 ,5 ) ,XX(1 )
WRITE(8,42) (C A R D (I),1 = 1 ,5 ) ,XX(1)
Y18=XX(1)
C STREAM NUMBER 232
55 READ(7 ,2 9 ,END=300) CARD(1),SN 
IF(CARD(1 ) . NE.STR.OR.SN. NE.232) GO TO 55 
WRITE(8,18 ) BLK
WRITE(8,30) SN
READ(7,56) (C A R D (I).1 = 1 ,5 ) ,XX(1)
56 FO RM AT(13(/),1X,5A4,F7.0)
W RITE(8,39) (C A R D (I),1 = 1 ,5 ) ,XX(1)
S 0 3 = X X (l) /2 .075
H2S04=XX(1) / l .930  
CONV=S03/1500 
Y11=H2S04*92.4 
W RITE(8,59) H2S04.Y11.C0NV
59 FORMATC ' , IX , ' H2S04(LBMOLS/HR)=1, F7. 1 . 5X,
' H2S04(LB/HR)= ’ ,F 7 .0 ,/,2 X ,'T O T A L  CONVERSION-1 , F6 .5 )  
C STREAM NUMBER 303
60 READ(7 ,2 9 ,END=300) CARD(1 ) , SN 
IF(CARD(1 ) . NE. STR.OR.SN.NE.303) GO TO 60 
WRITE(8 ,1 8 ) BLK
WRITE(8,30) SN
READ(7 ,6 1 ) (C A R D (I),1 = 1 ,5 ) ,XX
61 F0RM AT(9(/), IX ,5 A 4 ,6 (F 7 . 2 , IX ) )
Y1=XX(3)
WRITE(8,62) Y1
62 FORMATC 1 , IX ,
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’ BOILER 1 STEAM PRODUCTION( LBMOL/HR) = ' ,F 7 .2 )  
C STREAM NUMBER 304
63 READ(7,29,END=300) CARD(1),SN 
IF(CARD(1 ) . NE.STR.OR.SN. NE.304) GO TO 63 
WRITE(8 ,1 8 ) BLK
WRITE(8,30 ) SN
READ(7,61) (CARD(I) ,1 = 1 ,5 ) ,XX 
Y 3=X X(3 )
WRITE(8,64 ) Y3
64 FORMAT( 1 1 ,1X,
'BOILER 2 STEAM PRODUCTIONLBMOL/HR)=',F7.2) 
C STREAM NUMBER 325
65 READC7 ,2 9 ,END=300) CARD(1),SN 
IF(CARD(1 ) . NE.STR.OR.SN. NE.325) GO TO 65 
W RITE(8,18) BLK
WRITE(8,30 ) SN
READ(7 ,6 1 ) (C A R D (I),1 = 1 ,5 ) ,XX 
Y5=XX(3)
WRITE(8 , 6 6 ) Y5
66  FORMATC 1, IXSUPERHEATER 1 
STEAM PRODUCTION(LBMOL/HR)=',F7.2)
READ(7,67 ) CARD
67 FORMAT( 7 ( / ) , IX ,20A 4)
W RITE(8,15) CARD
C STREAM NUMBER 328
68  READ(7 ,2 9 ,END=300) CARD(1),SN 
IF(CARD(1 ) . NE.STR.OR. SN. NE.328) GO TO 68 
W RITE(8,18) BLK
W RITE(8,30) SN
READ(7 ,6 1 ) (CARD(I) . 1 = 1 ,5 ) ,XX 
Y7=XX(3)
WRITE(8 ,7 0 ) Y7
70 FORMATC M X , 1 SUPERHEATER 2 
STEAM PRODUCTION(LBMOL/HR)=',F7.2)
READ(7 ,6 7 ) CARD
W RITE(8,15) CARD 
C STREAM NUMBER 330
71 READ(7 ,2 9 ,END=300) CARD(1),SN 
IF(CARD(1 ) . NE.STR.OR.SN. NE.330) GO TO 71 
W RITE(8,18) BLK
WRITE(8,30) SN
READ(7 ,6 1 ) (CARD(I) , 1 = 1 ,5 ) ,XX 
Y12=XX(3)
WRITE(8,72) Y12
72 FORMATC M X ,
'TOTAL SUPERHEATED STEAM(LBMOL/HR)=',F8.2)
READ(7,67) CARD
WRITE(8 ,1 5 ) CARD
READ(7 ,9 2 ) (C A R D (I),1 = 1 .5 ) ,XX(1)
92 F0RM AT(7(/), IX ,5 A 4 ,F 1 0 .2 )
Y19=XX(1)
WRITE(8 ,9 3 ) (C A R D (I),1 = 1 ,5 ) .XX(1)
93 FORMATC ' .5A 4.F10.2)
C ECONOMIC CALCULATIONS
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WRITE(8 ,9 1 ) BLK
91 FORMATC l 1 , 5 ( / ) , 5 X , ' * * * *  ECONOMIC CALCULATIONS * * * * *  , / ,A4)
C ENTER COST/PROFIT COEFFICIENTS 
C Pl= 0.0203( /LB)RETURN ON ACID PRODUCT
C P2= **MUST SET UP RATIO FOR HIGH PRESSURE STEAM**
C P3= 0.0389( /LBMOL)RETURN ON LOW PRESSURE STEAM
C Cl= 2707.97( /HR) FOR 1500(LBMOL/HR) SULFUR CONSUMPTION
C C2= 0.000970( /LBMOL) FOR BOILER FEEDWATER
C C3= 0.000548( /LBMOL) FOR PROCESS WATER
C C4= 5 .3E -6( /GAL) FOR COOLING WATER
C PHIGH= RETURN ON 630F HIGH STEAM
C REQ2= HP OBTAINED FROM 630F STEAM
C Y122,Y142- ADJUSTED HIGH AND LOW STEAMS
P (l)=  0.0203*Y11 
ENTH=Y19-2032.38 
REQ=Y13*2545/ENTH 
REQ2=3385 
Y122=Y12-REQ2 
Y12=Y12-REQ
P(2)=Y12*0.0389 + (Y19-1948.17)*Y 12*1 .22E -5
PHIGH= 0.0697*Y12
PHIGH2= 0.0697*Y122
Y14=Y1+Y3-Y12
Y142=Y1+Y3-Y122
P(3)= 0.0389*Y14
P32= 0.0389*Y142
C (l)=  2707.97
C (2)= 0.000970*12000
D1=Y17+Y18
C (3)= 0.000548*01
D2=Y15+Y16
C (4)= 5.3E-6*D2
RETURN= P (1 )+P (2 )+P (3 )-(C (1 )+ C (2 )+C (3 )+ C (4 ))
RET2= P(1)+PH IG H +P(3)-(C (1)+C (2)+C (3)+C (4))
C THE FOLLOWING RET2 REDUCES HIGH STEAM BEFORE USE IN TURBINE.
RET3= P(1)+PHIGH2+P32-(C(1)+C(2)+C(3)+C(4))
.C CALCULATED PROFIT/LOSS ON A 24HR/DAY, 300DAY/YEAR OPERATION BASIS
• DAY=24*RETURN 
YEAR=300*DAY 
WRITE(8 ,100)BLK
100 FORMATC 1, IX,'COMPONENT*,T27,'QUANTITY*,T45,
1 'RETURN CONTRIBUTION( /H R )' ,A4)
WRITE(8 , 101) Y l l ,P ( 1)
101 FORMATC ' ,1X,'ACID PRODUCT',T25,F7.0,' (LB/HR)' ,T 5 3 ,F 8 .2)
WRITE(8 , 102) Y12,P(2)
102 FORMATC ' , IX , ' HIGH PRESS. STEA M ',T26,F6 .0,'(LBM O L/HR)',T55,F6.2) 
C WRITE(8 , 121) Y122.PHIGH
121 FORMATC ' ,1X,'HIGH CONST. STEA M 'J26.F6.0 ,'(LB M O L/H R )',T55 ,F6.2) 
WRITE(8,103) Y14,P (3)
103 FORMATC 1 , IX , ' LOW PRESS. STEAM ',T26,F6 .0,'(LBM O L/HR)',T55,F6.2) 
WRITE(8,104) C ( l)
104 FORMATC ' ,1X,'SULFUR U S E ',T 26 ,' 1500(LBMOL/HR)' ,T 5 4 ,F 7 .2) 
WRITE(8,105) C(2)
105 FORMATC ' , IX,'BOILER H 2 0 ',T 2 5 ,' 12000(LBMOL/HR)' ,T 5 5 ,F 6 .2)
Reproduced with perm ission o f the copyright owner. Further reproduction prohib ited w ithout permission.
353
WRITE(8 ,1 0 6 ) D 1,C (3)
106 FORMATC 1 , IX , 1DILUTION H20 \ T 2 4 , F7.2 , 1 ( LBMOL 'HR) 1 .155, F6 .2 )  
WRITE(8,107) D2,C(4)
107 FORMATC 1 , IX , 1 COOLING H201 ,T 2 3 , E10. 4 , 1 (GAL-'HR) 1 ,T 5 4 , F7.2 ) 
W RITE(8,108) RETURN.RET2.RET3
108 FORMAT( / , 1 ' ,1 X , 1PROFIT/LOS5 -1 - (  /H R )= ',3 (2 X ,F 8 .2 ,1. 1) )
WRITE(8 ,122) RET2
122 FORMATC/,' 1 , IX , 1 PROFIT'L0SS-M3-C /H R )= ' ,2X . F8 .2 )
W RITE(9'4,111) RETURN
111 FORMAT(1C -' ,2 X ,F 8 .2 )
WRITE(8.109) DAY
109 FORMATC/ , 1 1 , IX , ' PROFIT/LOSS( /D A Y )= '.2 X .F 8 .2 )
WRITE(8 ,110) YEAR
110 FORMATC/ , 1 1 . IX , ' PROFIT/LOSS( /YEAR)= 1 ,2 X ,F 1 0 .2 ,/,2 X  
1 BASED ON 24(HR/DAY) ,  300(DAY/YEAR) OPERATION1)
300 CONTINUE
WRITE(8 ,1 8 ) BLK 
WRITE(8 ,5 0 0 ) ITN
500 FORMATC 1 , 5X, '  END OF RESULTS FOR ITERATION1 ,A 4 , IX , 1--------' )
RETURN
END
//*LKED.SYSLMOD DD DSN=CMRICH.SHUF(L11). DISP=(OLD, KEEP)
/ / *  SPACE=(TRK,( 5 , 2 , 1 ) ) ,DCB=(RECFM=U,BLKSIZE=3072), VOL=SER=USER04
//GO.FT07F001 DD DSN=CMRICH.OUTP,UNIT=DISK,DISP=SHR
//GO.FT08F001 DD DSN=CHEPIK.HOLD,UNIT=DISK,DISP=(MOD,PASS)
/ / *  SPACE=(TRK,( 3 , 1 ) ) ,DCB=(RECFM=FB, LREC L=133 ,BLKSIZE=1330),
/ / *  V0L=SER=USER77
//GO.FT09F001 DD DSN=CHEPIK.MOD,UNIT=DISK,DISP=SHR
/ /
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Economic Evaluation Program Sample Output
ITERATION NUMBER = 0
++++++ LOOP 1 HAS CONVERGED AFTER 4 ITERATIONS++++++++ 
* * * *  SELECTED EQUIPMENT SUMMARIES * * * *
EQUIPMENT NO. 
EXTERNAL NAME 
UNITS
FLOW STRM 1
EQUIPMENT NO. 
EXTERNAL NAME 
UNITS
FLOW STRM 1 
FLOW STRM 2
EQUIPMENT NO. 
EXTERNAL NAME 
UNITS
FLOW STRM 1
21
LBMOL/HR 
0 . 1405E+05
214
DILP
LBMOL/HR
67.07
0 .0000E+00
322
SUP2
LBMOL/HR
3375.
32 
BPAS 
LBMOL/HR 
0 . 1059E+05
231
PSEP
LBMOL/HR
4000.
0.6S42E+05
211
DILA
LBMOL/HR
1404.
301
WAT
LBMOL/HR
8000.
0 .0000E+00
COOLING WATER USAGE EXC-220 EXC-230
WATER GAL/HR 0 0.1711E+06 0 .0
STEAM TURBINE BLOWER HORSEPOWER USAGE 
REAL WORK HP 4058.
EXTERNAL NAME 
CONVERSION
BED1
0.7664
BED2
0.9713
BED3
0.9819
* * * *  SELECTED STREAM SUMMARY DETAILS ’ 
STREAM NUMBER = 1
213
ASEP
LBMOL/HR
0.8200E+05
321
SUP1
LBMOL/HR
4778.
0 .0000E+00
BED4
0.9864
COMPONENT NAME 
TOTAL
TEMPERATURE DEG F 
PRESSURE PSIA
ENTHALPY BTU/HR
VAPOR FRACTION
STREAM NUMBER = 40 
TEMPERATURE DEG F
STREAM NUMBER = 41 
TEMPERATURE DEG F
TOTAL LIQUID 
LBMOL LBMOL
2 0 0 0 0 . 0 .
70.000  
14.700
5 .22609E+06
1.0000
800.00
800.00
VAPOR
LBMOL
TOTAL TOTAL 
LB MOL PCT KVALUE
20000. 575807.
Reproduced with perm ission o f the copyright owner. Further reproduction prohib ited w ithout permission.
S T R E A M  NUM3ER = 50
TEMPERATURE DEG F 1099.50
STREAM NUMBER = 60 
TEMPERATURE DEG F 810.00
STREAM NUMBER = 70
TEMPERATURE DEG F 891.28
STREAM NUMBER = 80 
TEMPERATURE DEG F 850.00
STREAM NUMBER = 90
TEMPERATURE DEG F 854.22
STREAM NUMBER = 100 
TEMPERATURE DEG F 825.00
STREAM NUMBER = 110 
TEMPERATURE DEG F 826.75
STREAM NUMBER = 210
S02(LBMOL/HR)= 20.047 TOTAL(LBMOL/HR)= 17660.
S02 EMISSIONS(PPM)= 1135.
STREAM NUMBER = 212 
WATER 1403.57
STREAM NUMBER = 217 
WATER 67.07
STREAM NUMBER = 232 
TOTAL 3071.
H2S04(LBMOLS/HR)= 1591.1 H2S04(LB/HR)=147014.
TOTAL CONVERSIONS98659
STREAM NUMBER = 303 
BOILER 1 STEAM PRODUCTION(LBMOL/HR)=6326.73
STREAM NUMBER = 304 
BOILER 2 STEAM PRODUCTION(LBMOL/HR)=3326.91
STREAM NUMBER = 325 
SUPERHEATER 1 STEAM PRODUCTIONLBM0L/HR)=4777.53 
TEMPERATURE DEG F 629.97
STREAM NUMBER = 328
SUPERHEATER 2 STEAM PRODUCTION(LBMOL/HR)=3375.09 
TEMPERATURE DEG F 629.96
STREAM NUMBER = 330
TOTAL SUPERHEATED STEAM(LBMOL/HR)=S152.61  
TEMPERATURE DEG F 629.97
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ENTHALPY BTU/LBMO 4472.32
ECONOMIC CALCULATIONS **
QUANTITY 
147014.(LB/HR)
3 9 2 0 .(LBMOL/HR) 
5 7 3 4 .(LBMOL/HR) 
1500(LBMOL/HR) 
12000(LBMOL/HR)
1470 .64(LBMOL/HR)
COMPONENT 
ACID PRODUCT 
HIGH PRESS. STEAM 
LOW PRESS. STEAM 
SULFUR USE 
BOILER H20 
DILUTION H20 
COOLING H20
PROFIT/LOSS(|{ /HR)=
PROFIT/LOSS((| /DAY)=
PROFIT/LOSS((f/YEAR )= 5466963.00
—  BASED ON 24(HR/DAY), 300(DAY/YEAR) OPERATION
0 .1 7 1 lE+06(GAL/HR) 
759.30  
18223.21
RETURN CONTRIBUTION( /HR) 
2984.39  
273.19  
223.04  
2707.97  
11.64 
0.81  
0.91
•—  END OF RESULTS FOR ITERATION
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Appendix E:
D e riv a tiv e  C a lcu la tio n  Program SHUF5 FORTRAN Code
This appendix l is t s  the FORTRAN program which performs the perturba­
tio n  of the independent v a riab les  fo r  the approximation of the d e r iv a ­
t iv e  values. The program addresses the model input code f i l e  and a work 
f i l e  used to store in term ed iate  sim ulation re s u lts . The d e r iv a tiv e  re ­
s u lts , i te ra t io n  counters, and in term ediate  in form ation are w ritte n  to 
the f i r s t  four lin e s  of the model code f i l e .
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//CHEPIK1 JOB ( )
/ 'S I  EXEC FORTGCL, PARM=1NOMAD, NOXREF, LI ST1 
//FO RT. SYSIN DD *
C THIS PROGRAM MANIPULATES THE MOD FILE FOR
C THE CALCULATION OF THE GRADIENTS.
INTEGER CARD(20)
INTEGER BOLI( 3 ) . BED1( 5 ) , B O L2(3),SUP1(3), S U P2(3),A IR (7)
INTEGER BOL1T,BED1T,BOL2T,SUP1T, SUP2T,ARFLO 
INTEGER DB0L1T.DB0L2T,DSUP1T,DSUP2T 
INTEGER DARFL0,DBED1T,CFLG/'C-XX1/
REAL G(6 ),DX
DEFINE FILE 8 (4 1 4 .8 0 ,L ,IF L 9 )
DX=.01
C READ IN THE ITERATION STATUS AND INDEPENDENT VARIABLES 
READ(8 13 ,4 ) CARD(1).G 
READ(8 14 ,5 )  CARD(1 ) , RETURN 
READ(8 15 ,1 0 ) ITN , ITEND
4 FORMAT(A4,6(E10.4,1X))
5 FORMAT(A4,F8.2)
10 FORMAT(4X,I4,I4)
IF (IT E N D .L T .l) BASE=RETURN 
ITEND=ITEND+1 
IF (ITEND.GE.B) GO TO 2000 
WRITE(8 15 ,1 1 ) CFLG,ITN,ITEND
11 FORMAT(A4,1 4 ,1 4 )
READ(8 139 ,13 ) B0L1.B0L1T 
READ(8156,13 ) B0L2,B0L2T
13 FORMATC3A4,14)
READ(8 14 6 ,14 ) BED1.BED1T 
READ(816 3 ,13 ) SUP1, SUP1T 
READ(8 170 ,13 ) SUP2,SUP2T
14 FORMAT(5A4,14)
READ(8 1136,15) AIR,ARFLO
15 FORMATC7A4,15)
IF(ITEND.G E.2) GO TO 17
• W RITE(8'2 ,1 6 ) CARD(1 ) .B0L1T,BED1T,B0L2T,SUP1T, SUP2T,ARFLO,BASE
110 FORMAT(6A4,12)
C MAX= 4
C WRITE(8‘ 158,110) (C A R D (I),1 = 1 ,6 ) ,MAX
17 READ(8 12 ,1 6 ) CARD(1 ) ,B0L1T,BED1T,B0L2T,SUP1T,SUP2T,ARFL0,BASE 
16 FORMAT( A4, 5 ( 1 4 ) ,2 X ,I5 ,2 X ,F 8 .2 )
C CALCULATE THE DERIVATIVE BASED ON THE CHANGE IN THE RETURN FUNCTION. 
C CHANGE THE INDEPENDENT VARIABLES BY DELTA X.
CONTINUE
GO TO (2 0 ,3 0 ,4 0 ,5 0 ,6 0 ,7 0 ,1 0 0 ) , ITEND 
20 DB0L1T=B0L1T + DX*B0L1T 
WRITE(8 139 ,13 ) BOLI,DB0L1T
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GO TO 1000 
40 DBQL2T= BDL2T + DX*BDL2T 
WRITE(8'3 9 ,1 3 ) BOl I.BOLIT  
W RITE(8'46,14) BED1.BED1T 
WRITE(8 156,13 ) B0L2.DB0L2T 
GO TO 1000 
50 DSUP1T= SUP1T + DX*SUP1T 
WRITE(8 13 9 ,13 ) BOLI.BOLIT 
WRITE(8 156,13 ) BOL2.BOL2T 
WRITE(8 *46 ,14 ) BED1.BED1T 
WRITE(8 163 ,1 3 ) SUP1.DSUP1T 
GO TO 1000 
60 DSUP2T= SUP2T + DX*SUP2T 
WRITE(8 139 ,13 ) BOLI.BOLIT 
W RITE(8'56,13) B0L2.B0L2T 
WRITE(S146 ,14 ) BED1, BED1T 
WRITE(8 16 3 ,13 ) SUP1.SUP1T 
WRITE(8 '7 0 ,1 3 ) SUP2.DSUP2T 
GO TO 1000 
70 DARFLO= ARFLO + DX*ARFLO 
WRITE(8 139 ,13 ) BOLI.BOLIT 
WRITE(8 15 6 ,13 ) B0L2.B0L2T 
WRITE(8 146 ,1 4 ) BED1.BED1T 
WRITE(8 16 3 ,13 ) SUP1.SUP1T 
W RITE(8'70 ,1 3 ) SUP2.SUP2T 
W RITE(8'136,15) AIR.DARFLO 
GO TO 1000 
100 CONTINUE
WRITE(8 13 9 ,13 ) BOLI.BOLIT 
WRITE(8 15 6 ,13 ) B0L2.B0L2T 
WRITE(8 14 6 ,1 4 ) BED1.BED1T 
WRITE(8 163 ,1 3 ) SUP1.SUP1T 
WRITE(8 170 ,1 3 ) SUP2.SUP2T 
WRITE(8 1136,15) AIR,ARFLO 
C GO TO 2000 
1000 IF(ITEND.EQ. 2)G(ITEND-1)=(RETURN-BASE)/(DX*BOLlT)
IF(ITEND.EQ .3)G (ITEND-1)= ( RETURN-BASE)/(DX*B0L2T)
IF(ITEND.EQ.4)G(ITEND-1)=(RETURN-BASE)/(DX*BED1T)
IF(ITEND.EQ. 5)G(ITEND-1)=(RETURN-BASE)/(DX*SUP1T)
IF(ITEN D . EQ. 6 )G(ITEND-1)=(RETURN-BASE)/(DX*SUP2T)
IF(ITEND.EQ.7)G(ITEND-1)=(RETURN-BASE)/(DX*ARFL0) 
W R ITE(8'3,4) CARD(1 ) ,G 
IF (ITEN D . GE.7 ) GO TO 1500 
GO TO 2000 
1500 ITEND=0
WRITE(8 15 ,1 1 ) CFLG,ITN,ITEND 
C READ(8 1158,110) (C A R D (I),1 = 1 ,6 ) ,MAX
C MAX= 10
C W RITE(8'158,110) (C A R D (I),1 = 1 ,6 ) ,MAX
2000 RETURN 
END
//LKED.SYSLMOD DD DSN=CMRICH. SHUF(L57),DISP=(OLD,KEEP),
/ /  SPACE=(TRK,( 5 , 2 , 1 ) ) ,DCB=(RECFM=U,BLKSIZE=3072), VOL=SER=USER04
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Appendix F:
IBM JCL fo r  the Execution of 
the D e riv a tiv e  Program
This appendix l is t s  the IBM Job Control Language th a t executes the 
d e r iv a tiv e  evaluation  loop described in Chapter I I I .  This JCL addresses 
th ree  f i le s  c a llin g  each one as needed in the a lgorithm . The code l i s t ­
ed here performs the analogous function to a DO LOOP in FORTRAN manipu­
la t in g  the th ree f i l e s  as needed by the a lgorithm .
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//CHEPIKC JOB ( )
'/'/* THIS JCL IS USED TO CALCULATE THE GRADIENT ABOUT ANY GIVEN 
/ / *  BASE POINT.
/ / * * * * * * * * * * * * * * * * * * * * * * * , , * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * :
//GRAD PROC
/ / S I  EXEC PGM=DESIGN. REGION=1800K,TIME=10 
,'STEPLIB DD DSN-CHEPIK. DESIGN. LOAD,DISD=SHR,UNIT=DISK 
//FT05F001 DD DSN=CHEPIK.MOD,DISP=SHR.UNIT=DISK 
/ / *  FT06 F001 DD SYSOUT=*
//F T 06F 00 I DD DSN=CMRICH.OUTP,UNIT=DISK.DISP=SHR
/ / *  SPACE=(TRK,( 2 0 , 5 ) . RLSE), DCB=(RECFM=FBA,LRECL=133, BLKSIZE=1330),
/ / *  V0L=SER=USER77
//FT07F001 DD DCB=( RECFM,=VBS, LRECL=330S, BLKSIZE=3312),
/ /  SPACE=(TRK, ( 3 , 1 ) ) ,UNIT=DISK
//FT08F001 DD DCB=(RECFM=VBS, LRECL=330S,BLKSIZE=3312),
/ /  SPACE=(TRK,(3,1)), UN IT=DISK
/ / FT 0 9 F 0 01 DD DCB=(RECFM=VBS, LRECL=330S, BLKSIZE=3312) ,
/ /  SPACE=(TRK,(3,1)),UNIT=DISK
//FT10F001 DD DCB=(RECFM=VBS,LRECL=3308,BLKSIZE=3312),
/ /  SPACE=(TRK,( 3 , 1 ) ) , UNIT=DIS K
//FT11F001 DD DCB=(RECFM=VBS, LRECL=3308, BLKSIZE=3312),
/ /  SPACE=(TRK,(3, 1 ) ) ,UNIT=DISK
//F T 12F 00 I DD DCB=(RECFM=VBS, LRECL=3308, BLKSIZE=3312),
/ /  SPACE=(TRK,(1,1)),UNIT=DISK
//FT13F001 DD DCB=(RECFM=VBS, LRECL=3308, BLKSIZE=3312) ,
/ /  SPACE=(TRK,(1,1)).UNIT=DISK
//FT14F001 DD DCB=(RECFK=VBS, LRECL=330S, BLKSIZE=3312),
/ /  SPACE=(TRK,(1,1)).UNIT=DISK
/ / FT15F001 DD DCB=(RECFM=VBS. LRECL=3308, BLKSIZE=3312),
/ /  SPACE=(TRK,( 1 . 1 ) ) , UNIT=DISK
//F T 16F 00 I DD DCB=(RECFM=VBS, LREC L=3308, B LKSIZE=3312),
/ /  SPACE=(TRK,( 1 , 1 ) ) ,UNIT=DISK
//FT17F001 DD DCB=(RECFM=VBS,LRECL=3308,BLKSIZE=3312),
/ /  SPACE=(TRK,( 1 , 1 ) ) , UNIT=DISK
/ / FT18F001 DD DCB=(RECFM=VBS, LRECL=3308, BLKSIZE=3312 ),
/ /  SPACE=(TRK,( 1 , 1 ) ) ,UNIT=DISK
//FT19F001 DD DCB=(RECFM=VBS. LRECL=3308, BLKSIZE=3312),
/ /  SPACE=(TRK,( 1 , 1 ) ) ,UNIT=DISK
//FT20F001 DD DCB=(RECFM=VBS, LRECL=3308, BLKSIZE=331 2 ),
/ /  SPAC E=(TRK, ( 1 , 1 ) ) ,UNIT=DISK
//FT21F001 DD DCB=(RECFMf VBS, LRECL=3308, BLKSIZE=33I2 ) ,
/ /  SPACE=(TRK,( 1 . 1 ) ) ,UNIT=DISK
//FT22F001 DD DCB=(RECFM=VBS, LRECL=3308, BLKSIZE=3312 ),
/ /  SPACE=(TRK,(1 , 1 ) ) ,UNIT=DISK
//FT23F001 DD DCB=(RECFM=VBS, LRECL=3308, BLKSIZE=3312),
/ /  SPACE=(TRK,(1,1)),UNIT=DISK
//FT24F001 DD DCB=(RECFM=VBS,LRECL=3308,BLKSIZE=3312),
/ /  SPACE=(TRK, ( 1 , 1 ) ) ,UNIT=DISK
//FT25F001 DD DCB=(RECFM=VBS, LRECL=3308, BLKSIZE=3312 ),
/ /  SPACE=(TRK, ( 1 , 1 ) ) ,UNIT=DISK
//F T  26 FOO1 DD DCB=(RECFM=VBS,LRECL=3308,BLKSIZE=3312),
/ /  SPACE=(TRK,( 1 , 1 ) ) ,UNIT=DISK
/ / FT27 FOO1 DD DCB=(RECFM=VBS, LRECL=3308.BLKSIZE=33I2),
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/ /  SPACE=(TRK,( 1 , 1 ) ) ,UNIT=DISK
//FT2SF001 DD DCB=(RECFM=VBS,LRECL=330S.BLKSIZE=3312),
/ /  SPACE=(TRK, ( 1 , 6 )),UNIT=DISK
/ / FT29 FOO1 DD DCB=( RECFM=VBS, LRECL=330S, BLKSIZE=331 2 ),
/ /  SPACE=(TRK,( 1 ,1)),U N IT=D ISK
/ / FT 3 0 FO 01 DD DCB=(RECFM=VBS,LRECL=3308.BLKSIZE=3312),
/ /  SPACE=(TRK,(1 , 1 ) ) ,UNIT=DISK
/7FT35F001 DD DSN=CHEPIK.ACCOUNT, UNIT=DISK,DISP=SHR
//FT36F001 DD DSN=CHEPIK.INLINE,UNIT=DISK,DISP=(NEW.DELETE),
/ /  SPACE=(8000,(90,20).RLSE),V0L=SER=USER77,DCB=(RECFM=F,BLKSIZE=8000)
//FT37F001 DD DSN=CHEPIK.CORR,DISP=SHR,UNIT=DISK
/ / *
//S 2  EXEC PGM=L11
//STEPLIB DD DSN=CMRICH. SHUF,DISP=SHR 
//FT04F001 DD SYSOUT=*
/ / FT06 FOO1 DD SYSOUT=*
/ / FT07 FOO1 DD DSN=CMRICH.OUTP,DISP=SHR 
//FTOSFOOl DD SYSOUT=*
/ / FT09 FOO1 DD DSN=CHEPIK.MOD,DISP=MOD 
/ / *
/ /S 3  EXEC PGM=L57
//STEPLIB DD DSN=CMRICH.SHUF,DISP=SHR 
//F T 04F 00 I DD SYSOUT=*
//FT06F001 DD SYSOUT=*
//FT08F001 DD DSN=CHEPIK.MOD, DISP=(OLD. KEEP)
/ /  PEND
/ / *
/ /*P 1  EXEC PGM=L11
/ / ’"'STEP LIB DD DSN=CMRICH.SHUF.DISP=SHR 
/ / ’‘FT04F001 DD SYSOUT=*
/ / *  FT06 FOO1 DD SYSOUT=*
//*FT07F001 DD DSN=CMRICH.OUTP,DISP=SHR 
//*FT08F001 DD SYSOUT=*
//*FT09F001 DD DSN=CHEPIK.MOD)DISP=MOD 
/ / *
/ /P 2  EXEC PGM=L57
//STEPLIB DD DSN=CMRICH. SHUF,DISP=SHR 
//FT04F001 DD SYSOUT=*
//FT06F001 DD SYSOUT=*
//FT08F001 DD DSN=CHEPIK.MOD,DISP=(OLD,KEEP)
/ / *
/ /  EXEC GRAD
/ /  EXEC GRAD
/ /  EXEC GRAD
/ /  EXEC GRAD
/ /  EXEC GRAD
/ /  EXEC GRAD
/ *
/ /
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Appendix G:
Example MINOS SPECS and MPS Input F iles
These two f i le s  are used to input problem data and sp e c ific a tio n s  fo r  
execution by the MINOS o p tim iza tio n  system. The SPECS f i l e  contains the 
problem s p e c ific a tio n s  such as numbers of v a r ia b le s , ite r a t io n  l im its ,  
and run and p r in t  op tions. The MPS f i l e  contains the problem data such 
as v a r ia b le  c o e ff ic ie n ts , bounds, and l im its .
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BEGIN H2S04 
MAXIMIZE
ROWS 20
OBJECTIVE PROFIT
SUMMARY FILE 9
SUMMARY FREQUENCY I
NEW BASIS FILE 11
MAJOR ITERATIONS 50
MINOR ITERATIONS 50
SUPERBASICS LIMIT 7
VERIFY NO
PRINT LEVEL(JFLXB) 11011
CYCLE LIMIT 1
CYCLE PRINT 2
END H2S04
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MINOS MPS F ile
NAME H2S04 PT2
ROWS 
E ACID 
E HIGH 
E LOW 
E DILU 
E COOL 
L STEAM 
N PROFIT
COLUMNS
Y01 ACID - 1 . 0
Y01 PROFIT .0203
Y02 HIGH - 1 . 0
Y02 STEAM 1 . 0
Y02 PROFIT 1 .0
Y03 LOW - 1 .0
Y03 STEAM 1 . 0
Y03 PROFIT .0389
Y06 DILU - 1 . 0
Y06 PROFIT -.000548
Y07 COOL - 1 . 0
Y07 PROFIT -5 .3 E -0 6
X02 ACID 4.125
X02 HIGH .6088
X02 LOW -5 .5
X02 DILU 0 . 1 2
X02 COOL 0
X03 ACID 11.875
X03 HIGH 1.605
X03 LOW -1 4 .2 5
X03 DILU .035
X03 COOL 12.5
X04 ACID 13.0
• X04 HIGH -.0 1 2 5
X04 LOW 0.125
X04 DILU .0438
X04 COOL 0
X05 ACID -19 .875
X05 HIGH -1 .9425
X05 LOW 15.5
X05 DILU -.3 2 7 5
X05 COOL 237.5
X06 ACID 1.33
X06 HIGH -.0 3 1 9
X06 LOW .195
X06 DILU -8 .10E -03
X06 COOL 19.5
RHS
RHS01 ACID -116624.
RHS01 HIGH -851 .
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RHS01
RHS01
RHS01
RHS01
RHS01
RANGES
BOUNDS
L0 B0UND1
LO BOUND1
LO B0UND1
LO BOUND1
LO BOUND1
*LO BOUND1
LO BOUND1
LO BOUND1
LO BOUND1
LO BOUND1
LO BOUND1
UP BOUND1
*UP BOUND1
UP BOUND1
UP BOUND1
UP BOUND1
UP BOUND1
UP BOUND1
FX IN IT IA L
FX IN IT IA L
FX IN IT IA L
FX IN IT IA L
FX IN IT IA L
*FX IN IT IA L
FX IN IT IA L
FX IN IT IA L
FX IN IT IA L
FX IN IT IA L
FX IN IT IA L
LOW -3301.
DILU -1731.
COOL 9428S.
STEAM 10300.
PROFIT 766.42
Y01 145918.
Y02 0 .
Y03 0 .
Y06 0 .
Y07 0 .
X01 760.
X02 805.
X03 815.
X04 825.
X05 800.
X06 16000.
Y01 149050.
X01 860.
X02 825.
X03 835.
X04 845.
X05 820.
X06 18000.
Y01 147149.
Y02 544.67
Y03 3037.
Y06 1490.89
Y07 439900.
X01 800.
X02 815.
X03 825.
X04 835.
X05 810.
X06 17000.
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Appendix H:
IBM JCL fo r  the Execution of 
the MINOS O ptim ization  Code
This appendix l i s t s  the IBM Job Control Language needed to execute 
the MINOS o p tim iza tio n  package on an IBM 3033, 3081, or 3084 mainframe 
computer.
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//CHEPIK1 JOB ( )
/ /S I  EXEC FORTGCLG,
/ /  PARM.FORT='MAP1 , L IB=1CMRICM.MINOS1 , REGION=1000K 
//FORT.SYSIN DD *
C THIS JCL INVOKES THE MINOS LOAD MODULE. A NONLINEAR 
C OBJECTIVE FUNCTION CAN BE SPECIFIED AS SUBROUTINE FUNOBJ.
C NONLINEAR CONSTRAINTS CAN BE SPECIFIED AS SUBROUTINE FUNCON.
C
SUBROUTINE FUNOBJ(MODE,N,X,F,G,NSTATE, NPROB, Z , NWCORE) 
IMPLICIT REAL*8 (A -H ,0 -Z )
DIMENSION X( N) ,G(N),Z(NWCORE)
C ---------------- --------------------------------------------------------------------------------------------
C THE NONLINEAR OBJECTIVE FUNCTION IS SPECIFIED HERE.
C-------------------------- ----------- ---------------------------------------------------------------------------------
RETURN
END
SUBROUTINE FUNCON(MODE, M, N, NJAC, X, F , G, NSTATE, NPROB. Z , NWCORE) 
IMPLICIT REAL*8 (A -H ,0 -Z )
DIMENSION X(N),F(M),G(M,N).Z(NWCORE)
C----------------    - ........................ ............................
C THE NONLINEAR CONSTRAINTS ARE SPECIFIED HERE.
C-------------------------- ----------- ------------------------------------------------------------- ----------- -------
RETURN
END
//LKED.SYSIN DD *
INCLUDE SYSLIB(MAIN)
ENTRY MAIN
/*
//GO.FT08F001 DD UNIT=SCRATCH, SPACE=(TRK, ( 4 , 4 ) ) ,
/ /  DCB=(RECFM=FB,LRECL=80, BLKSIZE=1600)
//GO.FT09F001 DD UNIT=SCRATCH,SPACE=(TRK,( 4 , 4 ) ) ,
/ /  DCB=(RECFM=FB,LRECL=80, BLKSIZE=1600)
//GO.FT10F0C1 DD UNIT=SCRATCH,SPACE=(TRK,(4,4)),
/ /  DCB=(RECFM=FB, LRECL=80, BLKSIZE=1600)
//GO.FT11F001 DD UNIT=SCRATCH,SPACE=(TRK,(4,4)),
/ /  • DCB=(RECFM=FB. LRECL=80,BLKSIZE=1600)
//GO.FT12F001 DD DSN=CHEPIK.MOD,DISP=SHR
//GO.SYSIN DD DSN=CHEPIK.P.DATA(SPMPRl),DISP=SHR
/*
/ /
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Appendix I:
FORTRAN Code fo r  the Taylor Constant 
C alcu la tio n  Program C0NST2
This appendix l is t s  the FORTRAN code fo r  the program th a t combines 
constant terms in the c o n s tra in t equations in to  one term . The combined 
term is  then entered in to  the MINOS MPS f i l e  as the r ig h t  hand s ide , 
RHS, fo r  each c o n s tra in t equation.
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//CHEPIK1 JOB ( )
/ / S I  EXEC FORTGCLG
/ / *  PARM.FORT='MAP1 , L IB=' CMRICH. MINOS1 , REGION=1000K 
//FO RT. SYSIN DD *
C THIS PROGRAM CALCULATES THE TAYLOR CONSTANTS FOR THE CONSTRAINTS
REAL X (9 ).X 0 (9 ).Y 0 (S ).D E L Y 1(9 ),D E L Y 2(9 ).D E L V3(9).D E LY 4(9)
REAL DELY5(9).DELY6(9),DELY7(9),DELY8(9)
READ(5,*) X 
R E A D ( 5 X O  
READ(5,*) YO 
READ(5,*) DELY1 
READ(5,*) DELY2 
READ(5,*) DELY3 
READ(5,*) DELY4 
READ(5,*) DELY5 
READ(5,*) DELY6 
READ(5.*) DELY7 
READ(5,*) DELY8
YTOT1=YO(3 )+ D E L Y l(1 )* (X (1) -X 0 (1 ))  
*+ D E L Y l(2 )* (X (2 )-X 0 (2 ))+ D E L Y l(3 )* (X (3 )-X 0 (3 ))  
*+ D E L Y l(4 )* (X (4 )-X 0 (4 ))+ D E L Y l(5 )* (X (5 )-X 0 (5 ))+ D E L Y l(6  
*+ D E L Y l(7 )* (X (7 )-X 0 (7 ))+ D E L Y l(8 )* (X (8 )-X 0 (8 ))+ D E L Y l(9  
Y T 0 T 2 = Y 0 (2 )+D E L Y 2 (l)*(X (l)-X O (l))  
*+ D E L Y 2 (2 )*(X (2 )-X 0 (2 ))+ D E L Y 2 (3 )*(X (3 )-X 0 (3 ))  
*+ D E L Y 2(4 )*(X (4 )-X 0 (4 ))+D E L Y 2(5 )*(X (5 )-X 0 (5 ))+D E L Y 2(6  
*+ D E L Y 2(7 )*(X (7 )-X 0 (7 ))+D E L Y 2(8 )*(X (8 )-X 0 (8 ))+D E L Y 2(9  
YT0T3=Y0(3 )+DELY3(1 ) * ( X (1)-XO( 1 ))  
*+ D E L Y 3 (2 )*(X (2 )-X 0 (2 ))+ D E L Y 3 (3 )*(X (3 )-X 0 (3 ))  
*+ D E L Y 3(4 )*(X (4 )-X 0 (4 ))+D E L Y 3(5 )*(X (5 )-X 0 (5 ))+ D E L Y 3(6  
*+ D E L Y 3(7 )*(X (7 )-X 0 (7 ))+D E L Y 3(8 )*(X (8 )-X 0 (8 ))+ D E L Y 3(9  
YTO T4=Y O (4)+D E LY 4(l)*(X (l)-X O (l)) 
*+ D E L Y 4 (2 )* (X (2 )-X 0 (2 ))+ D E L Y 4 (3 )* (X (3 )-X 0 (3 ))  
*+ D E L Y 4(4 )*(X (4 )-X 0 (4 ))+D E L Y 4(5 )*(X (5 )-X 0 (5 ))+D E L Y 4(6  
*+ D E L Y 4(7 )*(X (7 )-X 0 (7 ))+D E L Y 4(8 )*(X (8 )-X 0 (8 ))+ D E L Y 4(9  
YTOT5=YO(5)+DELY5(1)*(X(1)-X0(1 ))
' *+ D E L Y 5 (2 )*(X (2 )-X 0 (2 ))+ D E L Y 5 (3 )*(X (3 )-X 0 (3 ))
*+ D E L Y 5(4 )*(X (4 )-X 0 (4 ))+D E L Y 5(5 )*(X (5 )-X 0 (5 ))+ D E L Y 5(6  
*+D E L Y 5(7)*(X (7)-X 0(7))+D E L Y B (8)*(X (8)-X 0(8))+D E L Y 5(9  
YT0T6=Y0(6)+DELY6(1)*(X(1)-X O (1 ))  
*+ D E L Y 6 (2 )*(X (2 )-X 0 (2 ))+ D E L Y 6 (3 )*(X (3 )-X 0 (3 ))  
*+ D E L Y 6(4 )*(X (4 )-X 0 (4 ))+D E L Y 6(5 )*(X (5 )-X 0 (5 ))+D E L Y 6(6  
*+ D E L Y 6(7 )*(X (7 )-X 0 (7 ))+D E L Y 6(8 )*(X (8 )-X 0 (8 ))+D E L Y 6(9  
YTOT7=YO(7)+DELY7(1)*( X( l)-X O ( 1 ))  
*+ D E L Y 7 (2 )*(X (2 )-X 0 (2 ))+ D E L Y 7 (3 )*(X (3 )-X 0 (3 ))  
*+D E LY 7(4)*(X (4)-X 0f 4 ) )+ D E L Y 7 (5 )*(X (5 )-X 0 (5 ) )+DELY7(6 
*+ D E L Y 7(7 )*(X (7 )-X 0 (7 ))+D E L Y 7(8 )*(X (8 )-X 0 (8 ))+ D E L Y 7(9  
YTOT8=YO(8 )+DELY8 ( 1 ) * ( X ( l ) - X O ( 1 ))  
*+ D E L Y 8 (2 )*(X (2 )-X 0 (2 ))+ D E L Y 8 (3 )*(X (3 )-X 0 (3 ))  
*+ D E L Y 8(4 )*(X (4 )-X 0 (4 ))+D E L Y 8(5 )*(X (5 )-X 0 (5 ))+ D E L Y 8(6  
*+D E LY 8(7)*(X (7)-X 0(7))+D E LY 8 ( 8 )*(X (8 )-X 0 (8 ))+ D E L Y 8 (9  
WRITE(6 ,5 )  YTOT1, YT0T2, YTOT3, YT0T4 
WRITE(6 ,5 )  YTOT5, YTOT6 , YTOT7, YT0T8
(X (6 ) -X 0 (6 ) )
(X (9 )-X 0 (9 ))
(X (6 ) -X 0 (6 ) )  
( X (9 ) -X 0 (9 ))
( X(6)—X0(6))  
(X (9 ) -X 0 (9 ) )
(X (6 ) -X 0 (6 ) )  
( X(9)—XO(9))
( X (6 )-X O (6 ) )  
( X(9)—XO(9))
( X (6 ) -X 0 (6 )) 
(X (9 ) -X 0 (9 ) )
(X (6 ) -X 0 (6 ) )  
( X (9 ) -X 0 (9 ))
( X (6 )-X O (6 ) )  
( X (9 )-X O (9 ))
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5 FORMATC 1 . 5X , 1 YO T 0 T A L = \4 (F 1 0 .2 ,5 X ))
WRITE(6,7) X 
WRHE( 6 ,7 ) XO 
WRITE(6 ,7 ) YO 
WRITE(6 ,7 ) DELY1 
W RITE(6,7) DELY2 
WRITE(b,7 ) DELY3 
WRITE(6 ,7 ) DELY4 
W RITE(6,7) DELY5 
W RITE(6.7) DELY6 
W RITE(6,7) DELY7 
WRITE(6 ,7 )  DELY8 
7 FORMAT( 1 1 , / , l X , 9 ( G l l . 5 , 2X) )  
R H S =Y0(9)-D ELY8(5)*X0(5)-D ELY8(6)*X0(6)-D ELY8(7)*X0(7)- 
1 DELY8(8)*X0(8)
1 -DELY8(9)*X0(9)
W RITE(6,7) RHS 
999 CONTINUE 
RETURN 
END
//GO.FT05F001 DD DSN=CHEPIK.P. DATA(PTR2),UNIT=DISK,DISP=SHR 
/ *
/ /
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Appendix J:
Search Points fo r  the A pp lication  
of SLP to the Acid P lan t Model (No. 1)
This appendix l is t s  the search points used in SLP optim iza tio n  of the  
acid p lan t model. The values of the independent and dependent v a riab les  
are given together w ith  the p a r t ia l  d e r iv a tiv e s  o f the co n s tra in t  
equations w ith  respect to the independent v a r ia b le s .
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BASE POINT
X 800 800 810 850 825 20000
y 147011 3920 5967 0 0 1470.64 . 5249E06
0 24.0 -.3 7 5 -1 .1 2 5 -2 2 .7 5 - .0 6 0  j
ag j 0 -1 4 .4 109.88 -6 .7 5 -1 1 5 .5 - .6 3 0
axi 0 15.4 - 12 1.1 7 .0 12 2. 0 .365 j
0 .11 - . 0 1 1 -.0 1 6 3 -.1 0 8 8 - . 815E-4 I
0 12.5 12.5 25.0 437.5 27.5 |
POINT S2
x 800 830 835 815 805 18000
y 147373 6942 2931 0 0 1486.43 .4632E06
0 10 .1 2 2.25 -6 .6 2 5 -20 .625 .195
39j 0 1.625 4.25 -.8 7 5 -6 9 .3 4 -.3 9 0
ax. 0 -5 .6 2 5 -14 .625 1.50 75.75 .200
0 .0838 .0488 .0194 - . 2 2 0 0 -7 .75E -03
0 25.0 0 62.5 337.5 24.0
POINT S3
x 800 815 825 835 810 17000
y 147 49 544.67 3037 0 0 1490.89 .4399E06
0 4.125 11.875 13.0 -19 .875 1.33
ag . 0 .6088 1.605 -.0 1 2 5 -1 .9425 -.0 3 1 9
ax. 0 -5 .5 -1 4 .2 5 0.125 15.5 .195
0 .12 .035 .0438 -.3 2 7 5 -8 .10E -03
0 0 12.5 0 237.5 19.5
POINT S7
x 800 860 860 780 780 16000
y 147885 714.08 1959 0 0 1501.77 .4072E06
0 -15.625 -1 6 .5 -20 .625 -2 9 .2 5 -.7 0 5
" j 0 .5888 1.3188 -.1 5 2 5 -1 .3238 -.0 2 4 3
ax. 0 -3 .1 2 5 -7 .0 .75 6.25 .10
0 .1175 .1125 .09 -.1 4 6 3 -.0 0 5 5
0 25.0 25.0 12.5 237.5 19.50
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Appendix K:
Steep Ascent Search Steps fo r  
the V ariab le  Pressure Model (No. 3)
This appensix l is t s  the steepest ascent search steps used fo r  the op­
tim iz a tio n  of the v a ria b le  pressure steam model. Results are l is te d  fo r  
steepest ascent searches using both Fibonaci and quadratic  approximation  
l in e  searches.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
376
Steepest
Step A ir  Feedrate 
I .D .  ( lb m o l/h r)
X1
Ascent -
B o ile r  
0 u t(F )
X2
Fibonaci
Bed 1 
In (F )
x3
Search Steps
Bed 2 Bed 3 
In (F ) In ( F)
x4 x5
Bed 4 
I  n ( F)
x6
Return
(S /h r )
BaseO 20000 800 800 810 850 825 766.42
Basel 16000 800 860 860 780 780 900.42
I 2 ( .3 3 ) 16000 800 830 830 780 780 908.42
13 ( .6 7 ) 16000 800 810 810 780 780 895.52
I4 ( .1 7 ) 16000 800 850 850 780 780 906.53
Base2 16000 800 830 830 780 780 908.42
1 2 (6 7 ) 16000 800 850 850 830 780 903.34
I 3 ( .3 3 ) 16000 800 840 840 810 780 907.58
I 4 ( .17) 16000 800 835 835 800 780 911.13
Base3 16000 800 835 835 800 780 911.13
I2 ( .6 7 ) 16000 800 805 805 835 780 924.73
I 3 ( .33 ) 16000 800 810 810 825 780 921.70
I 4 ( .84 ) 16000 800 785 785 850 780 931.01
Base4 16000 800 785 785 850 780 931.01
I 2 ( .67 ) 16000 800 780 780 810 780 935.36
I 3 ( .33) 16000 800 785 785 820 780 930.87
I 4 ( .84 ) 16000 800 780 780 780 780 881.43
Base5 16000 800 780 780 810 780 935.36*
I 2 ( .67 ) 16000 800 780 780 790 780 904.75
I 3 ( .3 3 ) 16000 800 780 780 800 780 927.91
I 4 ( .17 ) 16000 800 780 780 805 780 932.75
( )  Linesearch parameter
* Optimum
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Steepest Ascent -  Fibonaci Search Steps
Step A ir  Feedrate B o ile r 1 Bed 1 Bed 2 Bed 3 Bed 4 Return
I .D . ( lb m o l/h r)  O ut(F) In (F )  
X1 x2 x3
In (F )
x4
In (F )
X5
In ( F) 
x6
(S /h r )
BaseC 20000 800 800 810 850 825 766.42
Basel 16000 800 800 810 850 825 902.62
I2 ( .6 7 ) 16000 800 790 790 810 800 894 .71 -
I 3 ( .33) 16000 800 790 800 820 805 906.95
I4 ( .1 7 ) 16000 800 790 800 840 820 894.81
Base2 16000 800 790 800 820 805 906.95
I 2 ( .67) 16000 800 785 835 845 790 916 .26 -
13 ( .3 3 ) 16000 800 785 825 835 795 916.33
I 4 ( .17 ) 16000 800 785 810 830 800 918.49-
Base3 16000 800 785 825 845 790 916.33
I2 ( .6 7 ) 16000 800 780 800 855 785 927.23
I 3 ( .33) 16000 800 785 805 850 785 924 .79 -
I 4 ( .84) 16000 800 780 785 855 785 914 .86 -
Base4 16000 800 780 800 855 785 927.23
I 2 ( .67) 16000 800 780 790 810 780 931.80
I 3 ( .33) 16000 800 780 790 825 785 929.90
I 4 ( .84) 16000 800 780 780 795 780 911.10
Base5 16000 800 780 790 810 780 931.80
I 2 ( .50) 16000 800 780 785 810 780
1 3 (1 .0 ) 16000 800 780 780 810 780 935.36*
( )  Linesearch parameter 
-  Unconverged re s u lts
* Optimum
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Steepest Ascent -  Q uadratic Search Steps
Step A ir  Feedrate 
I .D . ( lb m o l/h r)
X1
B o ile r  1 
Out(F)
x2
Bed 1 
I n ( F)
x3
Bed 2 
In ( F)
X4
Bed 3 
In (F )
x5
Bed 4 
I n ( F) 
x6
Return
(S /h r )
BaseO 20000 800 800 810 850 825 766.42
Basel 16000 800 860 860 780 780 900.42
I 2 ( .38) 16000 800 830 830 780 780 908.42
I 3 ( .33 ) 16000 800 810 810 780 780 909.53
I 4 ( .24 ) 16000 800 840 840 780 780 90 9 .53 -
Base2 16000 800 830 830 780 780 908.42
1 2 ( .67) 16000 800 840 840 810 780 907.58
13 ( .3 3 ) 16000 800 850 850 830 780 903.34
I 4 ( .48) 16000 800 835 835 785 780 912.51*
Base3 16000 800 835 835 785 780 912.51
I 2 ( .67 ) 16000 800 815 815 785 780 908.50
I 3 ( .33) 16000 800 825 825 785 780 917 .47 -
I 4 ( .92 ) 16000 800 830 830 785 780 9 1 5 .00 -
( )  Linesearch parameter 
-  Unconverged re s u lts  
* Optimum
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Steepest
Step A ir  Feedrate  
I .D . ( lb m o l/h r)
*1
Ascent -
B o ile r  : 
O ut(F)
x2
Quadratic Search Steps
1 Bed 1 Bed 2 Bed 3 
In (F )  In (F )  In (F )
x3 x4 x5
Bed 4 
I  n ( F)
x6
Return
(S /h r )
BaseO 20000 800 800 810 850 825 766.42
Basel 16000 800 800 810 850 825 902.62
I 2 ( .6 7 ) 16000 800 790 790 810 800 8 94 .71 -
13 ( .3 3 ) 16000 800 790 800 820 805 906.95
I 4 ( .2 4 ) 16000 800 795 800 830 815 896.80
Base2 16000 800 790 800 820 805 906.95
I 2 ( .6 7 ) 16000 800 785 835 845 790 9 16 .26 -
I 3 ( .3 3 ) 16000 800 785 825 835 795 916.33
I 4 ( .4 8 ) 16000 800 785 830 840 795 914.93
Base3 16000 800 785 825 845 790 916.33
I2 ( .6 7 ) 16000 800 780 800 855 785 927.23
I 3 ( .3 3 ) 16000 800 785 805 850 785 9 2 4 .79 -
I 4 ( .9 2 ) 16000 800 780 785 860 780 905.70
Base4 16000 800 780 800 855 785 927.23
I 2 ( .6 7 ) 16000 800 780 790 810 780 931.80
I 3 ( .3 3 ) 16000 800 780 790 825 785 929.90
I 4 ( .84 ) 16000 800 780 780 795 780 911.10
Base5 16000 800 780 790 810 780 931.80
I 2 ( .5 0 ) 16000 800 780 785 810 780
1 3 (1 .0 ) 16000 800 780 780 810 780 935.36*
( )  Linesearch parameter 
-  Unconverged re s u lts
* Optimum
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Appendix L:
G radient Results fo r  SLP Acid P lan t Searches
This appendix l is t s  the search points and th e ir  d e r iv a tiv e  values 
used in the op tim iza tio n  of the th ree acid p lan t models. The formu­
la tio n  of these data are in accordance w ith  the refo rm u latio n  of the op­
t im iz a tio n  problem described in Chapter IV . The d e r iv a tiv e  values are 
l is te d  as the p a r t ia l  d e r iv a tiv e s  of the o b je c tiv e  function w ith  respect 
to the independent va ria b le s  as o u tlin ed  in the legend below.
Legend:
Line 1: Values of the independent v a r ia b le s , x ..
Line 2: P a r tia l d e r iv a tiv e s  of the o b je c tiv e  fu n c tio n , a f ( y ) /3 x . .
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Gradient Results for Acid Plant Model No. 1
20000 800 800 810 850 825
-0 .0308 0 0.0925 2.945 -0 .2125 -3 .7 6 0
18000 800 820 830 830 805
-0 .0356 0 0.1588 0.8275 -0 .0025 -1 .9 3 6
17000 800 815 825 835 810
-0 .0032 0 0.4763 1.295 -0 .2550 -1 .7 4 3
17500 800 835 845 855 790
-0 .0234 0 0.4863 1.129 -0 .3338 -1 .5 8 5
16000 800 850 860 800 780
-0 .0186 0 0.4287 0.964 -0 .1650 -1 .4 1 3
16000 800 860 860 780 780
-0 .0436 0 0.1434 0.706 -0 .5425 -1 .6 7 6
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Gradient Results for Acid Plant Model No. 2
16000 800 800 810 850 825
-0 .0281 0 -0 .1400 -0 .6 5 9 0.9510 -2 .4 7 9
16000 800 790 800 860 815
-0 .0398 0 1.7000 -0 .7 3 0 -1 .9880 -3 .1 7 8
16000 800 790 780 825 785
-0 .0116 0 -0 .2530 -0 .6 3 3 -0 .1160 0.070
16000 800 785 780 820 790
-0 .0048 0 -0 .1514 -0 .8 3 6 0.1075 -1 .3 6 4
16000 800 780 780 820 785
-0 .0165 0 -0 .4843 -0 .6 6 0 0.0313 0.077
16000 800 780 780 830 785
-0 .0129 0 -0 .2886 -0 .6 8 1 -0 .0188 -1 .4 3 9
16000 800 780 780 825 780
-0 .0048 0 -0 .2088 -0 .4 7 6 -0 .0550 0.169
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Gradient Results for Acid Plant Model No. 3
20000 800 800 810 850 825
-0 .0308 0 0.0925 2.945 -0 .2125 -3 .7 6 0
18000 800 820 830 830 805
-0 .0304 C -0 .3200 -0 .5 2 5 0 -.5 7 7 5
17000 800 815 825 835 810
0.0084 0 -0 .0023 0.0214 0.2667 -0 .4448
17500 800 835 845 855 790
-0 .0189 0 -0 .05375 -0 .4063 -0 .3050 -0 .3571
16000 800 850 860 800 780
- 0 . 0 1 2 0 0 -0 .1975 -.4 4 2 5 -0 .0350 -.1 5 1 3
16000 800 860 860 780 780
-0 .0364 0 -0 .5061 -0 .7 5 2 -0 .3949 -0 .4049
16000 800 800 810 850 825
-0 .0246 0 0.0538 -0 .1875 -0 .6713 -2 .6 6 5
16000 800 790 800 860 815
-0 .0398 0 -2 .3600 -0 .3 6 9 -1 .9863 -3 .1788
16000 800 850 860 800 780
-0 .0119 0 -0 .2025 -0 .4 4 5 -0 .0375 -0 .1786
16000 800 790 780 825 785
-0 .0209 0 -0 .0686 -0 .1 8 4 -0 .3150 -0 .4286
16000 800 835 835 795 780
-0 .0129 0 -0 .1613 -0 .3038 - 0 .0 2 0 0 -0 .2443
16000 800 780 780 820 795
-0 .0385 0 0.9486 0.6586 -1 .1738 -3 .2743
16000 800 830 830 780 780
-0 .01706 0 0.4763 0.4513 0.8871 -2 .8271
16000 800 790 790 810 785
-0 .02038 0 -0 .0886 -0 .3957 -1 .2588 -1 .4386
16000 800 805 805 825 780
-0 .01288 0 -0 .1150 -0 .4075 0.0075 -0 .01288
16000 800 835 835 800 780
-0 .01369 0 -0 .0725 -0 .3 1 8 8 0.0350 -0 .0771
16000 800 785 785 850 780
-0 .02525 0 -0 .0986 -0 .3314 -2 .2113 -0 .2300
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16000 800 785 780 820 790
-0 .01481 0 0.0600 -0 .3043 0.1125 -1 .6571
16000 800 780 780 810 780
-0 .02713 0 -0 .3329 -0 .4200 -0 .2713 -1 .2143
16000 800 835 835 785 780
-0 .0170 0 -0 .2125 -0 .4163 -0 .0943 -1 .0957
16000 800 790 800 820 805
-0 .0 1 6 8 0 0.0150 -0 .1813 0.2850 1.4638
16000 800 840 840 790 780
-0 .01494 0 0.0875 -0 .3875 0.0525 -0 .0 9 0
16000 800 860 800 830 780
-0 .01563 0 0.00625 -0 .1638 0.1575 -0 .03125
16000 800 780 800 855 785
-0 .02106 0 -0 .1025 -0 .4438 -0 .4363 -0 .49125
16000 800 785 825 845 790
-0 .01769 0 -0 .11625 -0 .2 9 0 0.0525 -0 .4513
16000 800 780 790 810 780
-0 .01269 0 -0 .1238 -0 .2363 0 -2 .2113
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Appendix M:
Reactor Problem ChemShare Input Code
This appendix l is t s  the ChemShare DESIGN/2000 input code used to sim­
u la te  the reac to r module in the reac to r design problem. This problem is  
described in Chapter IV .
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REACTOR CHAIN DESIGN SIMULATION
C— ...................................       —
C- SECTION 2: MULTIBED REACTOR (S02 TO S03)
C ---------------------------------------------------------------------- ----------- -------------------------
C-------------------REACTOR BED #1
ADD10=BED1,1 , - 2 , USE BLOCK3,NEQP=12 
EQP=10.,0 . , 1 0 . , 0 . , . 4 , 0 . , 1 9 0 0 . , 3 * 0 . , 1 . ,
0 .92
C...............— BOILER #2
HEA EXC20=B0L2, 2 , - 3 ,HKE=LAT 
TEM OUT= 810 
C-MIX61=MIXR,6 0 ,4 3 ,-6 1
C— ............-  REACTOR BED #2
ADD30=BED2, 3 , - 4 , USE BLOCK3. NEQP=12 
EQP=30.,0 . , 1 0 . ,0 . , . 3 , 0 . , 1 9 0 0 , 3 * 0 . , 1 . ,
0 .85
C---------------- SUPERHEATER #1
HEA EXC40=SUP1,4,-5,DEL(PSIA)=0,50 
TEM OUT= 850 
C-M IX81=M IXR,80,44,-81
C—  REACTOR BED #3
ADD50=BED3, 5 ,-6,USE BLOCK3,NEQP=12 
EQP=50., 1 . , 1 0 . , 0 . , . 2 , 0 . , 0 . , 3 * 0 . , 1 . ,
0 .45
C SUPERHEATER #2
HEA EXC60=SUP2, 6 ,-7 ,D E L (P S IA )=0 ,50 
TEM OUT= 825 
C—MIX101=MIXR,1 0 0 ,4 5 ,—101
C---------------- REACTOR BED #4
ADD70=BED4, 7 ,-8,USE BLOCK3,NEQP=12 
EQP=70., 1 . , 1 0 . , 0 . , . 2 , 0 . , 0 . , 3 * 0 . , 1 . ,
0 .95
C-------------------------- --------------------------------------------------------------------------------------------
C- GENERAL MODULEc    ------------
GEN,COM=46,47,51,62 ,1068,200  
RENNON K,IDEAL VAPOR,EXC LAT 
CHE FIL=H20,S03,VLE 
FLO(LBMOL/HR)1=15680,2700,1500,3*0  
TP(F,PSIA)1= 800 ,20 .84  
CON TOL=0.0 0 1 ,MAX= 10 
KTRACE=0 
FORTRAN
BLOCK3=2,MAIN, NEWTEM 
START LIBRARY
SUBROUTINE MAIN(NIN, NOUT, NOCOMP, NEQP, NDSP,
1 SIVPFR,SITEMP,SIPRES,SIENTH,SIMOLE,SICOMP,SIKV,
2 SOVPFR, SOTEMP, SOPRES, SOENTH, SOMOLE, SOCOMP, SOKV,
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3 EQPAR, DESPAR,AMW.ATB, IDCOMP, I STOP, KTRACE. NCP)
C-
DIMENSION SIVPFR(NIN), SITEMP(NIN). SIPRES(NIN), 
SIENTH(NIN), SIMOLE(NIN), SICOMP(NOCOMP. NIN) ,
SIKV(NOCOMP, NIN)
DIMENSION SOVPFR(NOUT), SOTEMP(NOUT), SOPRES(NOUT), 
SOENTH(NOUT), SOMOLE(NOUT), SOCOMP(NOCOMP.NOUT), 
SOKV(NOCOMP.NOUT)
DIMENSION EQPAR(NEQP). DESPAR(NDSP), AMW(NOCOMP), 
ATB(NOCOMP),IDCOMP(NOCOMP)
DIMENSION F (3 ) ,Y (3 ) ,P (6 ) ,Y 0 (3 ) .K K (4 , 3 ) ,X (6 ) , V (6 ) , 
ATC(6 ),AVC(6 )
REAL KP, KK 
INTEGER VTST,FLAGEQ
C- The M odified Doering Reactor Model and
C- Subroutine NEWTEM go here.
C-
STOP LIBRARY 
END
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Appendix N:
Reactor Model Analysis Program SHUFR1 and Sample Output
This appendix l i s t s  the FORTRAN code fo r  the program th a t analyses 
the re s u lts  of the reac to r s im u la tio n s , ex tra c ts  the neccessary inform a­
t io n , and p r in ts  the re s u lts  to an output f i l e .  An example of the out­
put is  given fo llo w in g  the program code.
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//CHEPIK1 JOB ( )
/ /S I  EXEC FORTGCLG, PARM= 1 NOMAP. NOXREF, LIST1
//FORT.SYSIN DD *
c - Reactor Model A nalysis Program SHUFR1
A * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * ,
INTEGER CARD(20)
INTEGER CFLAG/'C-XX'/
INTEGER CON/'CONV1/
INTEGER PUM/' PUMP1/
INTEGER ADD/'ADD 7  
INTEGER D IV / 'D IV I ' /
INTEGER BLK/' 7  
INTEGER STR/ 1 STR1/
INTEGER SUM/'SUMM' /
INTEGER EQU/'+EQU'/
INTEGER EXC/'EXCH'/
INTEGER SN
REAL XX(6 ) , P (3 ),C (4 )
C DEFINE FILE 9 (3 0 5 ,8 0 ,L .IF L 9 )
N=0 
1 CONTINUE 
C FIND EQUIPMENT SUMMARY 
WRITE(8,18) BLK 
WRITE(8,21) BLK 
21 FORMATC ' , T19 , ' * * * *  REACTOR MODULE SUMMARY * * * * ' , A4)
C FIND STREAM SUMMARY DETAILS 
C STREAM SUMMARY 
10 CONTINUE
28 READ(7 ,2 9 ,END=300) CARD
29 FORMAT(1X,20A4)
IF(CARD(2 ) . EQ.EXC) GO TO 41 
IF(CARD(5 ) .NE.STR.AND.CARD(6 ).NE.STR) GO TO 10 
WRITE(8,18 ) BLK 
W RITE(8,15) CARD
18 FORMATC ' , 1A4)
15 FORMAT( '  ' , IX , 20A4)
• DO 40 1=1,24  
READ(7 ,2 9 ) CARD 
WRITE(8 ,1 5 ) CARD
40 CONTINUE 
GO TO 10
41 CONTINUE
C DO 32 1=1,2  
C FIND BED DETAILS
24 READ(7 ,2 9 ,END=300) CARD 
IF(CARD(2 ) . NE.ADD) GO TO 24 
W RITE(8,19) BLK
19 FORMATC1 ' ,//,T24,'REACTOR BED D E TA IL S ',/,T 24 ,
* ' ---------------   ' ,1A4)
DO 27 1=1,14  
READ(7,26 ) CARD 
26 FORMAT(IX,20A4)
WRITE(8 ,1 5 ) CARD
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27 CONTINUE 
C FIND BED VOLUMES 
C READ(9‘ 17 ,45) BD1D
C READ(9 125 ,4 5 ) BD2D
C READ(9*3 3 ,4 5 ) BD3D
C READ(9141 ,4 5 ) BD4D
C READ(91 111,4 6 ) ACROS
C READ(9 16 ,4 8 ) ITN.ITEND.VT
45 F0RMAT(4X,F4.2)
46 FORMAT(12X, F6.0 )
48 FORMAT( 4X, 14 , 14 ,4X, F6.0 )
V1=BD1D*ACR0S
V2=BD2D*ACROS
V3=BD3D*ACROS
V4=BD4D*ACROS
VT=V1+V2+V3+V4
W RITE(8,47) V1,V2,V3,V4,VT
47 FORMATC ' ,//,2X,'CATALYST BEDS1,T 24, 1BED11,
* T 3 2 ,1BED2’ ,T 4 0 , ' BED31,T 4 8 ,1BED41,T60,'TO TA L ', / , 2X,
* ' BED VO LUM ES(FT3)',T23,F6.0,* T31, F 6 .0 ,T 3 9 ,F 6 .0 ,T 4 7 ,
*F 6 .0 ,T 6 0 ,F 6 .0 )
C WRITE(9'6 ,4 9 )  CFLAG,ITN,ITEND,VT
49 FO R M A T(A 4,I4 ,I4 ,4X ,F6.0)
W RITE(8,18) BLK 
W RITE(8,35) BLK
35 FORMATC ' , / ,T 19 , ' * * * *  END OF REPORT FOR THIS SIMULATION * * * ' , / ,  
* 1A4)
W RITE(8,18) BLK 
300 CONTINUE 
RETURN 
END
//*LKED.SYSLMOD DD DSN=CHEPIK. SHUF(L10),DISP=SHR
/ / *  SPACE=(TRK,(5 , 2 , 1 ) ) , DCB=(REC FM=U, BLKSIZE=3072) , V0L=SER=USER04
//GO.FT07F001 DD DSN=CMRICH.OUTPR,UNIT=DISK,DISP=SHR
//GO.FT08F001 DD DSN=CHEPIK.HOLDR,UNIT=DISK,DISP=(MOD,PASS)
/ / *  SPACE=(TRK,(3, 1 ) ) ,DCB=(RECFM=FB,LRECL=133.BLKSIZE=1330),
/ / *  VOL=SER=USER77
//GO.FT09F001 DD DSN=CHEPIK.P.DATA(MODR),UNIT=DISK,DISP=SHR
/ /
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Reactor Model Analysis Program Sample Output
REACTOR MODULE SUMMARY ’ 
STREAM SUMMARY
STREAM NUM3ER 1 2 3 4
EQUIP CONXION FEED-BED1 BED1-B0L2 B0L2-BED2 BED2-SUP1
( 0 ) - (  10) ( 1 0 )- (  20) ( 2 0 )—( 30) ( 3 0 )—( 40)
VAPOR FRACTION 1.0000 1.0000 1.0000 1.0000
TEMPERATURE F 800.00 990.51 810.00 915.16
PRESSURE PSIA 20.840 19.856 19.856 19.686
ENTHALPY BTU/HR 0 . 11365E+09 0 . 14410E+09 0 .1 1 554E+09 0 . 13235E+09
LB/FT3 T-P 0.48188E-01 0 .4 0 6 19E-01 0.46394E-01 0.42916E-01
S .G .(60F ) STP
GAL/MIN STP
MMSCF/DAY STP 181.06 177.78 177.78 175.97
MOLECULAR WT 31.274 31.853 31.853 32.181
FLOW RATES LBMOL/HR
NITROGEN 15680. 15680. 15680. 15680.
OXYGEN 2700.0 2339.1 2339.1 2140.4
S02 1500.0 778.16 778.16 380.75
WATER O.OOOOOE+OO 0.00000E+00 0.00000E+00 0.00000E+00
SULFUR TRIOXIDE 0 . 00000E+00 721.84 721.84 1119.2
SULFUR 0.00000E+00 0.00000E+00 o o o 0.00000E+00
TOTAL LBMOL/HR 19880. 19519. 19519. 19320.
TOTAL LB/HR 0 . 62174E+06 0.62174E+06 0 . 62174E+06 0.62174E+06
STREAM SUMMARY (CONTINUED)
STREAM NUMBER 5 6 7 8
EQUIP CONXION SUP1-BED3 BED3-SUP2 SUP2-BED4 BED4-PROD
( 4 0 )—( 50) ( 5 0 )—( 60)i ( 6 0 )—( 70)' ( 7 0 ) - (  0)
VAPOR FRACTION 1.0000 1.0000 1.0000 1.0000
TEMPERATURE F 850.00 917.48 825.00 849.07
PRESSURE PSIA 19.686 19.596 19.596 19.406
ENTHALPY BTU/HR 0 . 12203E+09 0 . 13287E+09 0 . 11822E+09 0 . 12208E+09
LB/FT3 T-P 0.45051E -01 0.42933E-01 0.46024E-01 0.44846E-01
S .G .(60F ) STP
GAL/MIN STP
MMSCF/DAY STP 175.97 174.80 174.80 174.38
MOLECULAR WT 32.181 32.396 32.396 32.473
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NITROGEN
OXYGEN
S02
WATER
SULFUR TRIOXIDE 
SULFUR
TOTAL LBMDL'HR 
TOTAL LB/HR
+++BL03+++ 
EQUIPMENT NO. 
EXTERNAL NAME 
PARAMETERS :
3
4
5
6
7
8 
9
10
11
12
CATALYST BEDS 
BED VOLUMES(FT3)
15680. 15680. 15680. 15680.
2140. £ 2012.0 2012.0 1966.5
380.75 124.01 124.01 32.915
) . OOOOOE-OO 0 . 0U000E+00 0.00000E+00 O.OOO0OE-OO
1119.2 1376.0 1376.0 1467.1
O.OOOOOE-^ OO O.OOOOOE+OO O.OOOOOE+OO O.OOOO0E~OO
19320. 19192. 19192. 19146.
0.62174E-06 0.62175E-06 0 . 62175E+06 0 .6 2175E-06
REACTOR BED DETAILS
10 30 50 70
BED1 BED2 BED3 BED4
0.0000E+00 0 .0000E+00 1.000 1.000
10.00 10.00 10.00 10.00
16.14 14.92 7.896 16.67
0.4000 0.3000 0.2000 0.2000
1095. 1095. 1095. 1095.
1900. 1900. 1572. 1572.
0.4812 0.7462 0.9173 0.9781
0 .2853E+05 0 .2636E+05 0 . 1395E+05 0 . 2946EJ
1007. 930.7 492.7 1040.
1.000 1.000 1.000 1.000
0.9200 0.8500 0.4500 0.9500
BED1 BED2 BED3 BED4 TOTAL
1007. 931. 493. 1040. 3471.
* * *  END OF REPORT FOR THIS SIMULATION * * *
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Appendix 0:
IBM JCL fo r  the Execution of the G radient Evaluation  
Program SHUFR5 fo r  the Reactor Model D eriva tives
This appendix l is t s  the IBM Job Control Language th a t executes the 
d e r iv a tiv e  evaluation  loop fo r  the approximation of d e r iv a tiv e s  fo r  the 
reac to r design problem described in Chapter IV . The code l is te d  here 
performs the analogous function  to a DO LOOP in FORTRAN m anipulating  
the input f i l e s  as needed by the a lgorithm .
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
39^
//CHEPIKC JOB ( )
/ / *  THIS JCL IS USED TO CALCULATE THE GRADIENT ABOUT ANY GIVEN 
/ / *  BASE POINT FOR THE REACTOR MODULE.
/ / * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
/ / *
//GRAD PROC
/ / S I  EXEC PGM=DESII) REGION=3400K,TIME=10 
//STEPLIB DD DSN=CHEPIK.DESIGN.LOAD,DISP=SHR,UNIT=DISK 
//FT05F001 DD DSN=CHEPIK.MODR,DISP=SHR,UNIT=DISK 
//*FT06F001 DD SYSOUT=*
//FT06F001 DD DSN=CMRICH.OUTPR,UNIT=DISK,DISP=SHR
/ / *  SPACE=(TRK,( 2 0 , 5 ) , RLSE),DCB=(RECFM=FBA,LRECL=133,BLKSIZE=1330),
/ / *  V0L=SER=USER77
//FT07F001 DD DCB=(RECFM=VBS, LRECL=3308, BLKSIZE=3312 ),
/ /  SPACE=(TRK,( 3 , 1 ) ) ,UNIT=DISK
//FT08F001 DD DCB=(RECFM=VBS,LRECL=3308,BLKSIZE=3312),
/ /  SPACE=(TRK,(3,1)), UN IT=DISK
//FT09F001 DD DCB=(RECFM=VBS,LRECL=3308,BLKSIZE=3312),
/ /  SPACE=(TRK,(3,1)),UNIT=DISK
//FT10F001 DD DCB=(RECFM=VBS, LRECL=3308,BLKSIZE=3312),
/ /  SPACE=(TRK,( 3 , 1 ) ) ,UNIT=DISK
//FT11F001 DD DCB=(RECFM=VBS, LRECL=3308,BLKSIZE=3312),
/ /  SPACE=(TRK,( 3 , 1 ) ) ,UNIT=DISK
//FT12F001 DD' DCB=(RECFM=VBS, LRECL=3308,BLKSIZE=3312),
/ /  SPACE=(TRK,(1 ,1)),UNIT=DISK
//FT13F001 DD DCB=(RECFM=VBS,LRECL=3308,BLKSIZE=3312),
/ /  SPACE=(TRK,( 1 , 1 ) ) ,UNIT=DISK
//FT14F001 DD DCB=(RECFM=VBS, LRECL=3308,BLKSIZE=3312),
/ /  SPACE=(TRK, ( I , 1 ) ) ,UNIT=DISK
//FT15F001 DD DCB=(RECFM=VBS,LRECL=3308, BLKSIZE=3312),
/ /  SPACE=(TRK,( 1,1)),U N IT=D ISK
//FT16F001 DD DCB=(RECFM=VBS,LRECL=3308,BLKSIZE=3312),
/ /  S PAC E=(TRK,( 1 , 1 ) ) , UNIT=DISK
//FT17F001 DD DCB=(RECFM=VBS,LRECL=3308,BLKSIZE=3312),
/ /  SPACE=(TRK,(1,1)),UNIT=DISK
/ / FT18 F 0 01 DD DCB=(RECFM=VBS, LRECL=3308, BLKSIZE=3312) ,
/ /  SPACE=(TRK,( 1,1)),U N IT=D ISK
//FT19F001 DD DCB=(RECFM=VBS,LRECL=3308,BLKSIZE=3312),
/ /  SPACE=(TRK,( 1,1)),UNIT=DISK
//FT20F001 DD DCB=(RECFM=VBS,LRECL=3308,BLKSIZE=3312),
/ /  SPACE=(TRK,( 1 , 1 ) ) , UNIT=DISK
//FT21F001 DD DCB=(RECFM=VBS,LRECL=3308,BLKSIZE=3312),
/ /  SPACE=(TRK,(1,1)),UNIT=DISK
//FT22F001 DD DCB=(RECFM=VBS,LRECL=3308,BLKSIZE=3312),
/ /  SPACE=(TRK,( 1 , 1 ) ) ,UNIT=DISK
//FT23F001 DD DCB=(RECFM=VBS, LRECL=3308,BLKSIZE=3312),
/ /  SPACE=(TRK,(1,1)), UNIT=DISK
//FT24F001 DD DCB=(RECFM=VBS,LRECL=3308,BLKSIZE=3312),
/ /  SPACE=(TRK,(1,1)), UNIT=DISK
//FT25F001 DD DCB=(RECFM=VBS.LRECL=3308,BLKSIZE=3312),
/ /  SPACE=(TRK,(1 . 1 ) ) ,UNIT=DISK
//FT26F001 DD DCB=(RECFM=VBS, LRECL=3308, BLKSIZE=3312 ),
/ /  SPACE=(TRK,(1,1)), UNIT=DISK
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//FT27F001 DD DCB=(RECFM=VBS. LRECL=3308, BLKSIZE=3312),
/ /  SPACE=(TRK.(1,1)),UNIT=DISK
//FT28F001 DD DCB=(RECFM=VBS, LRECL=3308,BLKSIZE=3312),
/ /  SPACE=(TRK,(1,6)),UNIT=DISK
//FT29F001 DD DCB=(RECFM=VBS,LRECL=3308,BLKSIZE=3312),
/ /  SPACE=(TRK,( 1 , 1 ) ) ,UNIT=DISK
//FT30F001 DD DCB=(RECFM=VBS,LRECL=3308,BLKSIZE=3312),
/ /  SPACE=(TRK,( 1 ,1 ) )  ,UNIT=DISK
//FT35F001 DD DSN=CHEPIK.ACCOUNT,UNIT=DISK,DISP=SHR
//FT36F001 DD DSN=CHEPIK.INLINE,UNIT=DISK.DISP=(NEW,DELETE),
/ /  SPACE=(8 0 0 0 ,(9 0 ,2 0 ) ,RLSE), V0L=SER=USER77,DCB=(RECFM=F,BLKSIZE=8000)
//FT37F001 DD DSN=CHEPIK.CORR,DISP=SHR,UNIT=[
/ / *
//S 2  EXEC PGM:=L10
//STEPLIB DD DSN=CHEPIK.SHUF,DISP=SHR
//FT04F001 DD SYS0UT=*
//FT06F001 DD SYS0UT=*
//FT07F001 DD DSN=CMRICH,OUTPR,DISP=SHR
//FT08F001 DD SYS0UT=*
//FT09F001 DD DSN=CHEPIK.MODR, DISP=M0D
/ / *
//S 3  EXEC PGM==L51
//STEPLIB DD DSN=CHEPIK.SHUF,DISP=SHR
//FT04F001 DD SYS0UT=*
//FT06F001 DD SYS0UT=*
//FT08F001 DD DSN=CHEPIK.MODR,DISP=(0LD,KEEP)
/ / PEND
/ / *
//*P 1  EXEC PGM:=L10
//*STEPLIB DD DSN=CHEPIK.SHUF,DISP=SHR
//*FT04F001 DD SYSOUT=*
//*FT06F001 DD SYS0UT=*
//*FT07F001 DD DSN=CMRICH.OUTPR.DISP=SHR
//*FT08F001 DD SYSOUT=*
/  /  * FT 0 9 F 0 01 DD DSN=CHEPIK.MODR,DISP=MOD
/ / *
/ / * P 2  EXEC PGM:=L51
//*STEPLIB DD DSN=CHEPIK.SHUF,DISP=SHR
//*FT04F001 DD SYS0UT=*
//*FT06F001 DD SYS0UT=*
//*FT08F001 DD DSN=CHEPIK.MODR,DISP=(OLD.
/ / *
/ / EXEC GRAD
/ / EXEC GRAD
/ / EXEC GRAD
/ / EXEC GRAD
/ / EXEC GRAD
/ / EXEC GRAD
/ / EXEC GRAD
/ / EXEC GRAD
/ / EXEC GRAD
/ / EXEC GRAD
/ *
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Appendix P:
Reactor Model D e riv a tiv e  Program SHUFR5 FORTRAN Code
This appendix l is t s  the FORTRAN code fo r  the program th a t manipulates 
the reac to r model input code fo r  the approximation o f the d e riv a tiv e s  
fo r  the reactor design problem. The re ac to r design problem is  described  
in Chapter IV .
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/ /
/ / S I  EXEC FORTGC L , PARM= 1 NOMAP, NOXREF, LI ST1 
//FO R T. SYSIN DD *
C THIS PROGRAM MANIPULATES THE MODR FILE FOR THE CALCULATION OF THE 
C REACTOR PROBLEM GRADIENTS.
C
INTEGER CARD(20),SPACE(4)
INTEGER BOL1( 3 ) , BED1(4), BOL2(3), SUPI( 3 ) ,S U P 2(3),A IR (3)
INTEGER B D 1(40), BD2( 4 0 ) , BD3(4 0 ) ,BD4(40)
INTEGER B0L1T,BED1T,B0L2T,SUP1T,SUP2T 
INTEGER DB0L1T, DBOL2T, DSUP1T.DSUP2T. COMMA 
INTEGER DBED1T, CFLG/1C-XX1/ , EQP/1EQP=1/
REAL G(9),DX
DEFINE FILE 8 (3 0 5 ,8 0 ,L .IF L 9 )
DX=.01 
DXX= .1
C READ IN THE ITERATION STATUS AND INDEPENDENT VARIABLES 
READ(8'4,4) C A R D (l) , (G ( I) ,1 = 1 ,4 )
READ(8 ‘ 5 ,4 )  C A R D (l) , (G ( I) ,1 = 5 ,9 )
C READ(8 ' 6 ,5 )  RETURN
READ(8'6,10) ITN,ITEND,RETURN 
4 FORMAT(A4, 5 (E 10. 4 , IX ) )
C 5 FORMAT(12X,15)
10 FORMAT( 4X, 14 , 14 , 4X, F6.0 )
IF (IT E N D .L T .l)  BASE=RETURN 
ITEND=ITEND+1
IF (IT E N D .G E .ll) GO TO 1500 
WRITE(8 ‘ 6 ,1 1 ) CFLG,ITN.ITEND,RETURN
11 FORMAT( A4, 14 , 14 ,4X, F6.0 )
C READ(8 13 9 ,1 3 ) BOLI.BOLIT
READ(8‘ 5 1 ,1 4 ) BED1,BED1T,COMMA,PRESS 
READ(8 12 0 ,1 3 ) B0L2.B0L2T 
READ(812 8 ,1 3 ) SUP1.SUP1T 
READ(8 136 ,1 3 ) SUP2, SUP2T 
13 F0RMAT(3A4,14)
■14 FORMATC4A4,1 4 ,A 1 ,F 5 .2)
C READ(8 ' 3 7 ,200 ) CARD
C WRITE(6 ,200) CARD
C 200 FORMATC20A4)
READ(8 1111,15) AIR.ACROS 
READ(8 117 ,1 8 ) BD1D 
READ(8 12 5 ,1 8 ) BD2D 
READ(8 13 3 ,1 8 ) BD3D 
READ(8 '4 1 ,1 8 )  BD4D 
15 FORMATC3A4,F6.0)
18 FORMATC4X,F4.2)
IF(ITEN D .G E.2) GO TO 17
W R ITE(8'2,16) CARD(1 ) ,BED1T,B0L2T,SUP1T,SUP2T,BASE 
WRITE(8 '3 ,1 9 )  CARD(1 ) , ACROS, BD1D, BD2D, BD3D, BD4D 
C READ(8 1158,110) (C A R D (I),1 = 1 ,6 ) ,MAX
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110 FORMAT( 6A4.12)
C MAX= 4
C WRITE(81158,110) (C A R D (I),1 = 1 ,6 ) .MAX
17 READ(8 12 ,1 6 ) CARD(l).BED1T.B0L2T,SUP1T.SUPZT,BASE 
READ(8 13 ,1 9 ) CARD(1 ) . ACROS. BD1D. BD2D, BD3D. BD4D 
16 FORM AT(A 4,4(2X ,I4),2X ,F6.0)
19 FORMAT(A4,2X, F6 . 0 ,4 (2 X , F4.2 ) )
C CALCULATE THE DERIVATIVE BASED ON THE CHANGE IN THE RETURN FUNCTION. 
C CHANGE THE INDEPENDENT VARIABLES BY DELTA X.
CONTINUE
IF(ITEN D .EQ .11) GO TO 1000 
GO TO (3 0 ,4 0 ,5 0 .6 0 ,7 0 ,8 0 ,8 1 .8 2 ,8 3 ,1 0 0 ) , ITEND 
30 DBED1T= BED1T + DX*BED1T
WRITE(8 15 1 ,14 ) BED1.DBED1T,COMMA,PRESS 
GO TO 1000 
40 DB0L2T= B0L2T + DX*B0L2T
WRITE(8 151 ,14 ) BED1.BED1T,COMMA,PRESS 
WRITE(8 120 ,13 ) BOL2.DBOL2T 
GO TO 1000 
50 DSUP1T= SUP1T + DX*SUP1T 
WRITE(8 *2 0 ,1 3 ) BOL2.BOL2T 
C WRITE(8 147 ,1 4 ) BED1.BED1T
WRITE(8 12 8 ,13 ) SUP1, DSUP1T 
GO TO 1000 
60 DSUP2T= SUP2T + DX*SUP2T
C W RITE(8'19 ,13 ) B0L2.B0L2T
C WRITE(8 '4 7 ,1 4 )  BED1.BED1T
WRITE(8 128 ,1 3 ) SUP1, SUP1T 
WRITE(8 136 ,13 ) SUP2,DSUP2T 
GO TO 1000 
70 DACROS= ACROS + DXX*ACROS
C WRITE(8 119,13 ) B0L1,B0L1T
C WRITE(8119,13) BOL2,BOL2T
C W RITE(8'47,14) BED1, BED1T
C WRITE(812 6 ,13 ) SUP1, SUP1T
W RITE(8'36 ,13 ) SUP2, SUP2T 
WRITE(8 '1 1 1 ,1 5 ) AIR,DACROS 
• GO TO 1000
80 DBD1D= BD1D + DXX*BD1D 
WRITE(8 1 111,15 ) AIR,ACROS 
WRITE(8 117,18 ) DBD1D
GO TO 1000
81 DBD2D= BD2D + DXX*BD2D 
W RITE(8'17 ,18 ) BD1D 
WRITE(8'25 ,18 ) DBD2D 
GO TO 1000
82 DBD3D= BD3D + DXX*BD3D 
WRITE(8 '2 5 ,1 8 )  BD2D 
WRITE(8'3 3 ,1 8 ) DBD3D 
GO TO 1000
83 DBD4D= BD4D + DXX*BD4D 
WRITE(8'3 3 ,1 8 ) BD3D 
WRITE(8 14 1 ,18 ) DBD4D 
GO TO 1000
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100 CONTINUE 
C WRITE(S'3 9 .1 3 ) BOL1.BOL1T 
C WRITE(8 156 ,13 ) BOL2,BOL2T 
C WRITE(8 14 6 ,14 ) BED1.BED1T 
C WRITE(8 16 3 .1 3 ) SUP1,SUPIT 
C W RITE(8'70,13) SUP2,SUP2T ■
WRITE(8 14 1 ,18 ) BD4D 
C GO TO 2000 
1000 CONTINUE
IF(ITEND.EQ.2)G(ITEND-1)=(RETURN-BASE)/(DX*BED1T)
IF(ITEN D . EQ.3 )G(ITEND-1)=(RETURN-BASE)/(DX*BOL2T)
IF(ITEN D . EQ.4 )G(ITEND-1) = (RETURN-BASE)/(DX*SUP1T)
IF(ITEN D . EQ.5 )G(ITEND-1) = (RETURN-BASE)/(DX*SUP2T)
IF(ITEND.EQ .6 )G(ITEND-1) = (RETURN-BASE) / ( DXX*ACR0S)
IF(ITEND.EQ .7)G (ITEND-1)= ( RETURN-BASE)/(DXX^BDID)
IF(ITEND.EQ .8 )G(ITEND-1)=(RETURN-BASE)/(DXX*BD2D)
IF(ITEND.EQ.9)G(ITEND-1)=(RETURN-BASE)/(DXX*BD3D)
IF(ITEND.EQ.10)G(ITEND-1)=(RETURN-BASE)/(DXX*BD4D) 
W R ITE (8 '4 ,4 ) CARD(1 ) , ( G ( I ) ,1 = 1 ,4 )
W R ITE (8 '5 ,4 ) CARD(1 ) , ( G ( I ) ,1 = 5 ,9 )
IF(ITEN D .G E.IO ) GO TO 1500 
GO TO 2000 
1500 ITEND=0
WRITE(8 16 ,1 1 ) CFLG, IT N , ITEND, RETURN 
WRITE(6,205) ( G ( I ) ,1 = 5 ,9 )
205 FORMATC ' ,//,20X ,'O B JEC TIVE G R A D IEN TS',/,5(2X ,E10.5 ) )
C READ(8 1158,110) (C A R D (I),1 = 1 ,6 ) ,MAX
C MAX= 10
C WRITE(8‘ 158,110) (C A R D (I),1 = 1 ,6 ) ,MAX
C 200 W RITE(6,120) BD1
C WRITE(6 ,120) BD2
C WRITE(6 ,120) BD3
C W RITE(6,120) BD4
C 120 FORMAT(IX, 12A4)
2000 RETURN 
END
//LKED.SYSLMOD DD DSN=CHEPIK.SHUF(L51),DISP=SHR
/ / *  SPACE=(TRK,( 5 , 2 , 1 ) ) ,DCB=(RECFM=U,BLKSIZE=3072), VOL=SER=USER04
//*G 0.FT08F001 DD DSN=CHEPIK.TEST,DISP=SHR,UNIT=DISK
/ /
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Appendix Q:
Reactor Problem Search Points
This appendix l is t s  the search points used in the re ac to r design 
problem described in Chapter IV . The data given include values fo r  the 
independent and dependent varia b le s  and the p a r t ia l  d e r iv a tiv e s  o f the 
c o n s tra in t equations w ith  respect to the independent v a r ia b le s .
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This is the Base Point fo r  the fe a s ib le  Dath search
800 810 850 825 1.89 2.09 2.24 2.74 1134
1100 891 854 827 1150 1457 1473 1480
1 0 0 0 77 0 0 0 .13
- .1 3 .88 0 0 - 6 8 1.60 0 0 -.0 9 7
0 .13 1 0 - 1 2 - 1. 6 0 0 -.0 3 5
0 0 0 .8 8 1 . 8 0 0 0 -.0 0 2 9
.5 0 0 0 300 0 0 0 .506
0 .38 0 0 39 7.9 0 0 .138
0 - .1 3 -.26 0 - 8 . 8 1 . 6 19 0 .0088
0 0 .13 - .2 6 0 0 0 0 0
This is Basel fo r  the fe a s ib le  path search.
800 810 850 0 1 . 0 0 1 .0 0 1.23 0 1000
989 923 927 0 717 1143 1437 0
1.375 0 0 0 160 0 0 0 .16
- .2 5 1.375 0 0 -70 100 0 0 .02
- .2 5 -.3 7 5 875 0 -80 -90 0 0 - .1 6
0 0 0 0 0 0 0 0 0
1.5 0 0 0 620 0 0 0 .62
.875 1.5 0 0 350 380 0 0 .71
.125 .125 - 625 0 50 50 0 0 .10
This is Base2 fo r  the fe a s ib le path search.
800 810 850 0 1 . 1 0 1 . 10 1.23 0 1093
1020 925 897 0 838 1275 1454 0
; i .2 5 0 0 0 160 0 0 0 .147
i -.1 2 5 1.375 0 0 -80 90 0 0 -.00921 - '1 2 5 -.2 5 0 875 0 -60 -70 0 0 - .1 1 9! o 0 0 0 0 0 0 0 0
I 1.125 0 0 0 620 0 0 0 .578
.500 1.125 0 0 290 320 0 0 .532
I .125 .250 - 500 0 40 50 0 0 .0734
This is PTR2 fo r the in fe a s ib le  path search.
800 810 850 825 .75 .75 .75 .75 800
915 897 980 851 430 758 1254 1352
: 1.325 0 0 0 150 0 0 0 .15
i - . 1 0 1.325 0 0 -25 125 0 0 .075
j - .1 5 -.1 7 5 1 0 -75 -75 100 0 - .0 2 5
| - .0 2 5 -.0 2 5 0 1.098 0 0 -25 25 -.0 2 5
1 1.40 0 0 0 625 0 0 0 .575
i 1.05 1.275 0 0 450 475 0 0 .85
| .475 .575 167 0 200 200 400 0 .775
i .375 .45 143 .366 150 175 325 125 .70
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This is Basel fo r the in fea s ib le  path search from PTR2.
X 800 810 850 825 .75 1 . 00 1 .0 0 .75 833
y 920 930 976 841 449 902 1385 1447
1.375 0 0 0 157.14 0 0 0 .145
-.1 2 5 1.5 0 0 -5 7 .1 4 110 0 0 .0843
" j - .2 5 - .2 5 .875 0 -7 1 .4 3 -80 20 0 - .1 5 7
- 9 x T 0 0 .125 1 .125 0 - 1 0 0 14.29 - . 0 1 2
1.875 0 0 0 628.57 0 0 0 .578
1.25 1.5 0 0 414.3 450 0 0 .892
.375 .5 - .5 0 100 110 60 0 .265
.250 .250 - .250 .125 57.14 70 30 57.14 .205
This is S ll  fo r the in feas i ole path search from PTR2.
X 800 810 850 825 .85 1 . 1 0 .90 .85 846
y 938 936 956 841 520 997 1401 1462
1.5 0 0 0 166.67 0 0 0 .165
-.1 2 5 1.375 0 0 -6 6 .6 7 109.09 0 0 .0706
Sgj - .2 5 -.3 7 5 .875 0 -7 7 .7 8 -8 1 .8 2 22 .2 2 0 - .1 6 5
-ax 0 0 .125 1. 0 - 11 .1 1 -1 8 .1 8 - 11.1 1 11 .1 1 -.0 3 5 3
1.875 0 0 0 622.22 0 0 0 .624
1.125 1.625 0 0 377.78 400 0 0 .882
.250 .375 - .378 0 88.89 100 77.78 0 .271
.125 .250 - .125 0 44.44 45.45 33.33 44.44 .129
This is PTR3 fo r the i nfeas ib le  path search
X 800 810 850 825 .60 .81 .90 .60 900
y 903 920 994 842 385 801 1354 1419
1.375 0 0 0 166.7 0 0 0 .122
-.1 2 5 1.5 0 0 -50 137.5 0 0 .089
8gj - .2 5 - .2 5 .875 0 -8 3 .3 -8 7 .5 33.33 0 - . 1 1 1
3 X . 0 0 .125 .125 0 -1 2 .5 - 11 .1 1 33.3 - . 0 1 1
1.75 0 0 0 683.3 0 0 0 .456
1.25 1.625 0 0 483.3 525 0 0 .778
.25 .50 - .5 0 133.3 150 2 2 .2 0 .322
.25 .375 - .2 5 .25 100 112.5 88.9 100 .267
This is Basel fo r  the in fea s ib le  path searc h from PTR3.
X 800 810 850 825 .70 .90 1. 00 .70 926
y 924 928 975 841 467 915 1395 1454
1.5 0 O' 0 185.7 0 0 0 .140
-.1 2 5 1.5 0 0 -5 7 .1 133.3 0 0 .0753
_ 3 9 i
- .2 5 - .2 5 .875 0 -8 5 .7 - 1 0 0 . 1 0 . 0 -.1 6 1
3 x  . 0 -.1 2 5 0 1 . 0 0 -1 4 .3 - 11 .1 0 14.3 - . 0 1 1
1.875 0 0 0 700. 0 0 0 .538
1.125 1.625 0 0 442.9 377.8 0 0 .796
.25 .25 - .7 5 0 85.7 100 1 0 .0 0 .172
.125 .25 - .375 .25 71.4 66.67 1 0 .0 71.4 .140
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This is PTR4 for the infeasible path search.
782 788 843 807 .90 .90 .90 .90 900
927 885 968 826 546 910 1387 1458
1.714 0 0 0 177.77 0 0 0 .178
-.1 4 3 1.375 0 0 -5 5 .5 6 111. 11 0 0 .0556
-.4 2 9 -.3 7 5 .875 0 -8 8 .8 9 -8 8 .8 9 2 2 .2 2 0 - .1 5 6
0 - .1 2 5 0 1 . 11 .1 1 - 11.1 1 - 11 .1 1 11 .1 1 -.0 3 3 3
2.429 0 0 0 644.44 0 0 0 .656
1.714 1.875 0 0 444.44 444.44 0 0 .867
1.857 .500 - .375 0 11 1. 11 11 1 . 11 1 0 0 . 0 0 .289
0.289 .25 .25 .125 55.56 55.56 55.56 55.56 .178
This is  a m iscellaneous po in t evaluated during i n i t i a l  searches.
801 808 851 794 .93 .99 .95 2.14 600
907 895 980 842 399 727 1219 1399
1.35 0 0 0 120 0 0 0 .20
-.0 7 5 1.325 0 0 - 2 0 100 0 0 .10
- .1 5 -.1 7 5  1 .048 - 690 -40 -40 80 0 0
- .0 5 - .0 7 5  - .048 1 048 - 2 0 - 2 0 -40 18.18 - .0 6 7
1.375 0 0 0 460 0 0 0 .73
1.025 1.3 0 0 340 340 0 0 1 . 1 0
.525 .65 .31 0 180 180 360 0 1.13
.30 .375 .190 548 100 100 200 63.64 .83
i s i s a m iscellaneous pen nt evaluated during i n i t i a l  searches
860 860 860 860 .60 .81 .90 .60 900
980 979 983 876 455 909 1380 1441
1 . 0 0 0 0 0 166.7 0 0 0 .11
0 1.125 0 0 -50 125 0 0 .067
- .1 2 5 -.1 2 5 .75 0 - 1 0 0 -8 7 .5 11 .1 1 0 -.1 3 3
0 0 0 1 . 0 -1 6 .7 -1 2 .5 11 .1 1 16.7 - . 0 2 2
0.50 0 0 0 683.3 0 0 0 .456
0.25 0.50 0 0 466.7 475 0 0 .733
.125 .125 - .625 0 116.7 112.5 55.6 0 .222
0 0 - .375 - 125 50 62.5 2 2 .2 2 66.7 .144
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Appendix R:
ChemShare Input Code fo r  the Hughes Flash Problem
This appendix l is t s  the ChemShare DESIGN/2000 input code required to 
specify  the ad ia b a tic  fla s h  model used by B ie g le r and Hughes. This 
f la s h  model is  described in Chapter IV .
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MIX1=MIXR,1 ,7 , - 2
VAL2=FLSH, 2 , - 3 , - 4 , PRE OUT(PSIA)=50.
DIV3=SPLT,4 , - B , - 6 , FLO RAT( FRA)=.4 
PUM4=PUMP.6.-7.PRE OUT(PSIA)=150 
GEN, CQM=4,2 4 ,6 .2 6 ,2 5 ,8
FL0(KGM0L/HR)1=10.1 5 ,2 0 ,2 0 ,2 0 ,1 0  
TP (F , PSIA)1=100,150 
FLO(LBM0L/HR)4=9,2 8 .3 9 ,4 0 ,4 1 ,2 5  
TP(F,PSIA)4= 18,12
REC STR=4,MAX=10,QUA UNI OUT=KGMOL,IDEAL VAP
END
/ *
//
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Appendix S:
Adiabatic Flash Problem Overhead Flowrate Results
This appendix l is t s  the fla s h  problem overhead flo w ra te  re s u lts  fo r  
the ad ia b a tic  fla s h  problem obtained through the use of the ChemShare 
flow sheeting package. This fla s h  problem is  described in Chapter IV .
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Flash Problem Overhead Flowrate Results
Search Propane 1-Butene n-Butane t-2 -B u ten e c-2-Butene
Point (kgm ol/h r) (kgm ol/h r) (kgm ol/h r) (kgm ol/h r) (kgm ol/h r)
0 .8 0 ,2 2 .8 4.91 3.18 3.80 3.63 3.34
0 .8 0 ,2 3 .4 4 .82 3.11 3.71 3.55 3.27
0 .8 0 ,2 2 .3 4 .98 3.24 3.88 3.71 3.41
0 .8 0 ,2 3 .9 4 .75 3.05 3.64 3.48 3.20
0 .4 0 ,3 0 .0 3.99 2.46 2.93 2.81 2.60
0 .4 5 ,3 0 .0 3.97 2.44 2.90 2.79 2.58
0 .4 0 ,3 5 .0 3.32 1.98 2.35 2.26 2 . 1 0
0 .5 0 ,4 0 .0 2 .63 1.51 1.78 1.73 1.60
0 .5 5 ,4 0 .0 2.61 1.50 1.77 1.71 1.59
0 .5 0 ,4 5 .0 1.99 1 .1 1 1.31 1.27 1.18
0 .8 0 ,1 0 .0 6 .94 5.26 6.40 6.04 5.50
0 .8 5 ,1 0 .0 6.94 5.26 6 .40 6.04 5.49
0 .8 0 ,1 5 .0 6 . 1 0 4.30 5.18 4.92 4.50
0 . 2 0 , 1 0 .0 7.06 5.47 6.67 6.30 5.75
0 .2 5 ,1 0 .0 7.03 5.42 6.60 6.23 5.68
0 .2 0 ,1 5 .0 6.42 4.70 5.69 5.40 4.94
0 .4 5 ,2 5 .0 4 .66 2.99 3.56 3.41 3.14
0 .5 0 ,2 5 .0 3.97 2.44 2.90 2.79 2.58
0 .4 0 ,3 0 .0 4 .64 2.97 3.54 3.39 3.13
0 .4 0 ,2 0 .0 5.40 3.63 4.35 4.15 3.81
0 .3 5 ,1 5 .0 6.17 4.40 5.31 5.04 4.62
0 .8 5 ,2 3 .9 4 .74 3.04 3.63 3.47 3.20
0 .8 0 ,2 8 .9 4 .04 2.49 2.96 2 .84 2.62
0 .4 5 ,3 5 .0 3 .30 1.96 2.32 2.24 2.08
0 .2 0 ,2 4 .5 4.92 3.23 3.86 3.70 3.41
0 .5 0 ,2 0 .0 5.37 3.60 4.31 4.11 3.78
0 .8 5 ,2 3 .9 4 .74 3.04 3.63 3.47 3.20
0 .4 5 ,4 5 .0 2 . 0 1 1.23 1.32 1.28 1 .2 0
0 .4 0 ,5 0 .0 1.41 0.77 0.90 0 . 8 8 0.82
0 .8 0 ,2 4 .1 4.72 3.03 3.61 3.45 3.18
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Appendix T :
DESIGN/2000 Input F ile  and Sim ulation Output
This appendix l is t s  the input f i l e  required to execute the 
DESIGN/2000 s u lfu r ic  acid p lan t model and the sim ulation output. The 
input includes IBM JCL, the DESIGN/2000 input code, the Doering reac to r  
model and the tem perature c a lc u la tio n  subroutine, NEWTEM. The simu­
la t io n  model code f i l e  is  addressed through FORTRAN lo g ic a l u n it number 
5. This code is  l is te d  in the appendix as input echo. The sim ulation  
output is  l is te d  fo llo w in g  the input f i l e .
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//CMRICHD JOB (1303.69673,1,50),'DESIGN/2000',NOTIFY=CMRICH,
/ /  MSGLEVEL=(1 , 1 ) ,MSGCLASS=S 
/*JOBPARM SHIFT=D 
//*AFTER CMRICH1 
/ / ’’'MEMBER AUX61 **-C M -**
/ / ’'ROUTE PRINT IOROOM (N .B . / / *  IS JCL COMMENT CARD)
/ / *  THIS MODEL HAS SECTION! CONTOLLERS AND CONTROLLED DILUTION RATES. 
/ / *  DESIGN/2000 TEAR STREAMS AND USER CALCULATION SEQUENCE USED.
/ / *  PARAMETERS ARE SET- SIMULATION MODE 
//DES EXEC PGM=DESII,REGION=4200K,TIME=10 
//STEPLIB DD DSN=CHEPIK.DESIGN.LOAD,DISP=SHR.UNIT=DISK 
//FT05F001 DD DSN=CHEPIK.P.DATA(MOD),DISP=SHR,UNIT=DISK 
/ / *  FT06F001 DD SYSOUT=*
//FT06F001 DD DSN=CMRICH.OUTP,UNIT=DISK,DISP=SHR
/ / *  FT06F001 DD DSN=CMRICH.OUTP,UNIT=DISK,DISP=(NEW,CATLG),
/ / *  SPACE=(TRK,( 2 0 , 5 ) , RLSE), DCB=(REC FM=FBA, LREC L=1 33 ,BLKSIZE=13 30), 
/ / *  VOL=SER=USER77
//FT07F001 DD DCB=(RECFM=V, LRECL=3308, BLKSIZE=3312) ,
/ /  SPACE=(TRK, ( 3 , 1 ) ) ,UNIT=DISK
//FT08F001 DD DCB=(RECFM=V,LRECL=3308, BLKSIZE=331 2 ),
/ /  SPACE=(TRK,( 3 , 1 ) ) ,UNIT=DISK
//FT09F001 DD DCB=(RECFM=V,LRECL=3308,BLKSIZE=3312),
/ /  SPACE=(TRK,( 3 , 1 ) ) ,UNIT=DISK
//FT10F001 DD DCB=(RECFM=V,LRECL=3308,BLKSIZE=3312),
/ /  SPACE=(TRK,(3,1)),UNIT=DISK
//FT11F001 DD DCB=(REC FM=V, LREC L=3308, BLKSIZE=3 312 ),
/ /  SPACE=(TRK,(3,1)), UNIT=DISK
//FT12F001 DD DCB=(RECFM=V,LRECL=3308,PLKSIZE=3312),
/ /  SPACE=(TRK,( 1 , 1 ) ) ,UNIT=DISK
//FT13F001 DD DCB=(RECFM=V, LRECL-22G8, BLKSIZE=3312) ,
/ /  SPACE=(TRK,( 1 , 1 ) ) ,UNIT=DISK
//FT14F001 DD DCB=(RECFM=V, LRECL=3308, BLKSIZF£=3312),
/ /  SPACE=(TRK, ( 1 , 1 ) ) ,UNIT=DISK
//FT15F001 DD DCB=(RECFM=V,LRECL=3308,BLKSIZE=3312),
/ /  SPACE=(TRK,(1,1)),UNIT=DISK
//FTlbFO O l DD DCB=(RECFM=V,LRECL=3308, BLKSIZE=3312),
/ /  SPACE=(TRK,(1,1)).UNIT=DISK
//FT17F001 DD DCB=(RECFM=V, LRECL=3308,BLKSIZE=3312),
/ /  SPACE=(TRK, ( 1 , 1 ) ) ,UNIT=DISK
//FT18F001 DD DCB=(RECFM=V,LRECL=3308,BLKSIZE=3312),
/ /  SPACE=(TRK, ( 5 , 5 ) ) ,UNIT=DISK
/ / FT19 F 0 01 DD DCB=(RECFM=V,LRECL=3308,BLKSIZE=3312),
/ /  SPACE=(TRK,( 1 , 1 ) ) ,UNIT=DISK
//FT20F001 DD DCB=(RECFM=V,LRECL=3308,BLKSIZE=3312),
/ /  SPACE=(TRK, ( 1 , 1 ) ) ,UNIT=DISK
//FT21F001 DD DCB=(RECFM=V,LRECL=3308, BLKSIZE=3312 ),
/ /  SPACE=(TRK,(1 , 1 ) ) ,UNIT=DISK
//FT22F001 DD DCB=(RECFM=V, LRECL=3308, BLKSIZE=3312),
/ /  SPACE=(TRK,(1, 1 ) ) ,UNIT=DISK
//FT23F001 DD DCB=(RECFM=V,LRECL=3308, BLKSIZE=3312),
/ /  SPACE=(TRK,(1,1)),UNIT=DISK
//FT24F001 DD DCB=(RECFM=V, LRECL=3308, BLKSIZE=3312),
/ /  SPACE=(TRK,(1,1)),UNIT=DISK
//FT25F001 DD DCB=(RECFM=V,LRECL=3308.BLKSIZE=3312),
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/ /  SPACE=(TRK,(5,5)), UNIT=DISK
/ / FT26F001 DD DCB=(RECFM=V,LRECL=330S, BLKSIZE=3312),
/ /  SPACE=(TRK,(1,1)),UNIT=DISK
//FT27F001 DD DCB=(RECFM=V, LRECL=3308, BLKSIZE=3312),
/ /  SPACE=(TRK,( 1 , 1 ) ) ,UNIT=DISK
//FT28F001 DD DCB=(RECFM=V,LRECL=3308,BLKSIZE=3312),
/ /  SPACE=(TRK, ( 1 , 6 ) ) ', UNIT=DISK
//FT29F001 DD DCB=(RECFM=V.LRECL=3308,BLKSIZE=3312),
/ /  SPACE=(TRK,(1,1)),UNIT=DISK
//FT30F001 DD DCB=(RECFM=V,LRECL=3308,BLKSIZE=3312),
/ /  SPACE=(TRK, ( 5 , 5 ) ) ,UNIT=DISK
//FT35F001 DD DSN=CHEPIK.ACCOUNT.UNIT=DISK,DISP=SHR
//FT36F001 DD DSN=CHEPIK.CORR,DISP=SHR,UNIT=DISK
//FT39F001 DD DSN=CHEPIK.INLINE,UNIT=DISK,DISP=(NEW,DELETE),
/ /  SPACE=(8000, ( 9 0 ,2 0 ) ,RLSE) ,VOL=SER=USER78,DCB=(RECFM=F,BLKSIZE=8000) 
/ *
/ /
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D E S I G N  II
CHEMSHARE CORPORATION 
AUTOMATIC PROCESS SIMULATION
DE S I G N  II
DESIGN I I  VER 3.0Q COPYRIGHT CHEMSHARE CORP. 1986 ALL RIGHTS RESERVED 
AIK 8502 LICENSEE: LOUISIANA STATE UNIV BATON R. IBM MVS
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SYSTEM NOTES MAY 23, 1986
1) MAJOR NEW FEATURES WHICH ARE INTRODUCED IN THIS VERSION ARE:
OPTIMIZATION
INLINE FORTRAN AND CALCULATOR 
TWO PHASE HEAT EXCHANGER RATING 
FOR DETAILS ABOUT HOW TO USE THESE NEW FEATURES, SEE THE 
LATEST CHEMSHARE NEWSLETTER.
2) WATER IS AUTOMATICALLY TREATED IMMISCIBLY IN DESIGN I I  FOR 
SOME K-VALUE OPTIONS COMMONLY USED WITH HYDROCARBON SYSTEMS. 
THESE OPTIONS FORCE WATER TO BE TREATED IMMISCIBLY:
APISOAVEK, BRAUN, BWRK, BWRSK, CHAO, ESSO, ESSOTAB, LKPK, 
MODESSO, KVAL, RKK, SOAVEK, STDK
THESE OPTIONS FORCE WATER TO BE TREATED MISCIBLY:
APISOUR, MDEAK, SELK, SOUR
THESE OPTIONS TREAT WATER IMMISCIBLY BY DEFAULT, BUT MAY BE 
USED WITH THE IMM=62 COMMAND:
IDEALK, PENK. REN, TABK, UNIFACK, UNIQUAC, VAPPRE, WIL
3) FOR FURTHER INFORMATION, PLEASE CALL CHEMSHARE HOTLINE OR TWX 
910-881-2793 (HOUSTON), OR TWX 851-666-905 (WILMSLOW).
DESIGN I I  VER 3.0Q COPYRIGHT CHEMSHARE CORP. 1986 ALL RIGHTS RESERVED 
AIK 8502 LICENSEE: LOUISIANA STATE UNIV BATON R. IBM MVS
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ECHO PRINT OF INPUT DATA 
*NO TITLE CARD FOUND
C- 800 790 780 825 785 16000 925.28
C- 0.2321E+01 0 . 3021E+01 0.3593E+01 0.1526E+01 0.1049E+01 0.8700E-01  
C- 960.76  
C-XX 0 0
* SULFURIC ACID PLANT SIMULATION
c  ------------------------------------
C- EQUIPMENT MODULES
C- -------------------- ---------------------------- ----------- ------------------------------------ -----------------
c    ----
C- SECTION 1: FEED PREPARATION (S TO S02)
C ------------------------------------------- -----------------------------------------------------------------------------
ATR HRYFR
SHO ABS10=DRY,1 ,2 3 3 ,-1 0 ,-2 3 4 , STA=5 
C-   AIR BLOWER
COMPRE20=BLOW,1 0 ,-2 0 ,PRE OUT=20.84,POL C0E=.3798,EFF=.75 
STE IN(BTU/LBM0L)=23203.8 
STE 0UT(BTU/LBM0L)=21132.0
STA=5,PRE STA(PSIA)=15.9 2 8 ,1 7 .1 5 6 ,1 8 .3 8 4 ,1 9 .6 1 2 ,2 0 .8 4 0
C---------------- BURNER BYPASS
D IV 21=A IR ,20 ,-21 , - 2 2 ,FLO RAT( LBMOL/HR)=15000
C----------------  BURNER MODULE
REA30=BURN,2 1 ,2 , - 3 0 ,LIM=200, CON=l.0 ,
STO COE=0,- 1 , 1 , 0 , 0 , - 1 , ISO 
HEA EXC31=HEAT,3 0 , -3 1 ,DUT( BTU/HR)=1. 912E8
C----------------- TEMPERATURE CONTROLLER FOR BURNER EXHAUST
CONT500=BOUT,31,-32
VAR FLO(MIN=10000,MAX=18000,STE=1000, LBMOL/HR) OF DIV21 
UNT TEM OF STR31=1800(F)
C...................  BOILER #1 BYPASS
DIV32=BPAS,3 2 , - 3 3 , - 3 4 ,FLO RAT(LBMOL/HR)=8000
C-.................BOILER #1
HEA EXC40=BOL1,3 3 ,3 0 1 ,-4 0 ,-3 0 3 ,HKE=LAT 
TEM OUT= 800 
MIX41=MIXR,40,2 2 ,3 4 ,-4 1
C-----------------AIR DILUTION TO REACTOR BEDS
C-DIV42=AIR,2 3 , -4 3 , - 4 4 , - 4 5 .FLO RAT(FRA)=0. 4 , 0 . 6 ,0
C—  TEMPERATURE CONTROLLER TO BED #1
C0NT510=REAT,41,-4 2
VAR FLO(MIN=8000,MAX=15000,STE=1000, LBMOL/HR) OF DIV32 
UNT TEM OF STR41 = 800(F)c    -----------
C- SECTION 2: MULTIBED REACTOR (S02 TO S03)
C---------------------   —
C---------------- REACTOR BED #1
ADD50=BED1,4 2 , -5 0 ,USE BLOCK3,NEQP=12
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EQP=50.. 0 . , 1 0 . , 0 . , . 4 , 0 . , 1 . 8 9 , 3 * 0 .  ,1 .,1 9 0 0 .
C- — BOILER £2
HEA EXC60=BOL2,5 0 ,3 0 2 ,-6 0 ,-3 0 4 ,HKE=LAT
TEM 0UT= 810 
C-MIX61=MIXR,6 0 ,4 3 ,-6 1
C---------------- REACTOR BED #2
ADD70=BED2,6 0 , -7 0 ,USE BLOCK3,NEQP=12 
EQP=70., 0 . , 1 0 . , 0 . , . 3 ,0 . , 2 .0 9 ,3 * 0 . ,1 . , 1 9 0 0 .
C-------------------SUPERHEATER #1
HEA EXC80=SUP1,7 0 ,3 2 3 ,-8 0 ,-3 2 5 ,DEL(PSIA)=0,50 
TEM OUT= 850 
C-MIX81=MIXR,8 0 ,4 4 ,-8 1
C---------------- REACTOR BED #3
AQD90=BED3,8 0 , -9 0 ,USE BLOCKS, NEQP=12 
EQP=90., 1 . , 1 0 . , 0 . , . 2 , 0 . , 2 . 2 4 , 3 * 0 . , 1 . , 0 .
C-------------------SUPERHEATER #2
HEA EXC100=SUP2,9 0 ,3 2 7 ,—1 0 0 ,-3 2 8 ,DEL(PSIA)=0,50 
TEM OUT= 825 
C-MIX101=MIXR,100 ,45 ,-101
C—  — REACTOR BED #4
ADD110=BED4,1 0 0 ,-1 1 0 ,USE BL0CK3,NEQP=12 
EQP=110., 1 . , 1 0 . , 0 . , . 2 , 0 . , 2 . 7 4 , 3 * 0 . , 1 . , 0 .
C—  --------------------------------------      —
C- SECTION 3: ABSORBER (S03 INTO 98?0 H2S04)
C-------------------- ----------------------------------------- ----------------------------------------------------------
C----------------  ECONOMIZER
C-DIV201=ECFD,3 , -2 9 8 , -5 0 6 ,FLO RAT( LBMOL/HR)=8000 
HEA EXC200=ECON,1 1 0 ,3 ,-2 0 0 ,-3 0 0 ,SIM, AREA=4005, DEL(PSIA)=0,250 
C-HEA EXC200=ECON,110,3,-200,-300,TEM OUT(F)=470, DEL(PSIA)=0,250 
C-C0NT540=ECTP,299 ,-3 0 0
C- VAR FLO(MIN=10000,MAX=13000,STE=1000 ,LBMOL/HR) OF DIV201 
C- UNT TEM OF STR200 = 470 
C- —  PRODUCT S03 ABSORBER
SHO ABS210=AABS,200,2 2 0 ,-2 1 0 ,-2 1 1 ,STA=20,TEM APP(F)=-15 
DIV211=DILA,4 , -2 1 2 , -5 0 0 ,FLO RAT(LBMOL/HR)=1000 
MIX212=MIXR.211,212,231 ,-213  
CONT520=DILA,213,-214
VAR FLO(MIN=1000,MAX=1800, STE=200, LBMOL/HR) OF DIV211 
UNT FLO COM1068 FRO STR 213/FLO COM62 FROM STR 213=
0.980
C----------------  ABSORBER RECYCLE
DIV213=ASEP,2 1 4 ,-2 1 5 ,-2 1 6 ,FLO RAT(LBMOL/HR)=82000 
DIV214=DILP,5 , -2 1 7 ,-5 0 1 ,FLO RAT(LBM0L/HR)=30 
MIX215=MIXR,2 3 4 ,2 1 7 ,2 1 6 ,-2 1 8  
C0NT530=DILP,218,-219 
VAR FLO(MIN=30,MAX=300,STE=100,LBMOL/HR) OF DIV214 
UNT FLO COM1068 FRO STR 218/FLO COM62 FROM STR 218=
0.930
C---------------- PRODUCT ACID COOLERS
HEA EXC220=COOL,215, -2 2 0 ,TEM 0UT(F)=205 
HEA EXC230=COOL,219,-230,TEM OUT(F)=100 
C -.................DRYER RECYCLE
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DIV231=PSEP,2 3 0 ,-2 3 1 ,-2 3 3 ,-2 3 2 ,FLO RAT( LBMOL/HR)=4000,68420 
C  STEAM DRUM
DIV301=WAT,300,-301, - 3 0 2 ,FLO RAT(LBMOL/HR)=8000 
C-CONT541=BOLl,303 ,-3 0 4
C- VAR FLO(MIN=6500,MAX=8500, STE=100, LBMOL/HR) OF DIV301
C- UNT TEM OF STR40 = 820(LOOP=20,F)
C-DIV302=WAT,3 0 2 ,-3 0 5 ,-5 0 7 ,FLO RAT(LBMOL/HR)=2000 
C-CONT542=BOLl,306 ,-3 0 7
C- VAR FLO(MIN=2000,MAX=3500, STE=100, LBMOL/HR) OF DIV302 
C- UNT TEM OF STR60 = 810(LOOPS=15, F)
M IX303=MIXR,303,304,-308
FLA320=PHAS,308,-322,-321
C  SUPERHEATER STEAM SPLIT
DIV321=SUP1,3 2 2 ,-3 2 3 ,-3 2 4 ,FLO RAT(LBM0L/HR)=2000 
CONT521=STM,325,-326  
VAR FLO(MIN=2000,MAX=7500, STE=1000, LBMOL/HR) OF DIV321 
UNT TEM OF STR325= 630(F)
DIV322=SUP2,3 2 4 ,-3 2 7 ,-5 0 4 ,FLO RAT( LBM0L/HR)=300 
CONT522=STM,328 ,-329
VAR FLO(MIN=300,MAX=6000,STE=1000, LBMOL/HR) OF DIV322 
UNT TEM OF STR328= 630(F)
MIX323=MIXR,3 2 6 ,3 2 9 ,-3 3 0
C---------------------- ----------- ------------------------------------------------------- -----------------------------------
C- GENERAL MODULE
C -------------- -------------------------------- --------- ---------------------------------------------------------------
GEN. COM=46,4 7 ,5 1 ,6 2 ,1 0 6 8 ,2 0 0  
RENNON K, IDEAL VAPOR, EXC LAT 
CHE FIL=H20,S03,VLE  
TOTAL FLO(LBMOL/HR)1 =20000
FLO(FRA)1 = 0 .7 8 4 ,0 .2 1 0 ,0 .,0 .0 0 6 ,2 *0  
FLO(LBMOL/HR)2=5*0,1500 
FLO(LBMOL/HR)3=3*0 ,12000,2*0  
FL0(LBMOL/HR)4=3*0,1800 ,2 *0  
FLO(LBMOL/HR)5 = 3*0 ,200 ,2 *0  
FLO(LBM0L/HR)214=3*0,44902,44003,0  
FLO(LBMOL/HR)230=3*0,39127,36388,0  
FLO(LBMOL/HR)300=3*0,12000,2*0  
TP (F ,P S IA )1=70,14.7  
TP(F,PSIA)2=275,170 
TP (F ,P S IA )3=250,900 
TP(F,PSIA)4=62,80  
TP(F,PSIA)5=62,80  
T P (F,PS IA )214=220,14.7  
TP(F,PSIA)23 0=100,14.7  
TP (F ,P S IA )300=465,650  
REC STR= 214,230,300  
REC SEQ = 213,220
2 3 1 ,1 0 ,2 0 ,2 1 ,3 0 ,3 1 ,5 0 0 ,2 1 4 ,2 1 5 ,5 3 0 ,2 3 0 ,3 2 ,3 0 1 ,4 0 ,4 1 ,5 1 0 ,5 0  
6 0 ,7 0 ,3 0 3 ,3 2 0 ,3 2 1 ,8 0 ,5 2 1 ,9 0 ,3 2 2 ,1 0 0 ,5 2 2 ,1 1 0 ,2 0 0 ,2 1 0 ,2 1 1 ,2 1 2 ,5 2 0  
REC SEQ2 = 323
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CON TOL=0.0 0 1 ,MAX= 10 
KTRACE=0 
FORTRAN
BLOCK3=2.MAIN.NEWTEM 
START LIBRARY •
SUBROUTINE MAIN(NIN. NOUT, NOCOMP. NEQP. NDSP,
1 SIVPFR.SITEMP.SIPRES.SIENTH.SIMOLE.SICOMP.SIKV,
2 SOVPFR. SOTEMP, SOPRES. SOENTH, SOMOLE. SOCOMP. SOKV,
3 EQPAR, DESPAR, AMW.ATB, IDCOMP, I STOP, KTRACE,NCP)
C-
DIMENSION SIVPFR(NIN), SITEMP(NIN), SIPRES(NIN), SIENTH(NIN), 
SIMOLE(NIN), SICOMP(NOCOMP, N IN ), SIKV(NOCOMP, NIN) 
DIMENSION SOVPFR(NOUT), SOTEMP(NOUT). SOPRES(NOUT). SOENTH(NOUT), 
SOMOLE(NOUT), SOCOMP(NOCOMP,NOUT), SOKV(NOCOMP.NOUT) 
DIMENSION EQPAR(NEQP), DESPAR(NDSP), AMW(NOCOMP), ATB(NOCOMP), 
IDCOMP(NOCOMP)
DIMENSION F ( 3 ) ,Y (3 ) ,P (6 ) ,Y 0 (3 ) , KK(4 , 3 ) ,X (6 ) , V ( 6 ),A TC (6 ),A VC (6 )
REAL KP.KK
INTEGER VTST,FLAGEQ
C-
C-INPUT CRITICAL PROPERTIES FOR COMPONENTS.
C-
ATC(1)= 126.06 
AVC(1)= 90.032  
ATC(2)= 154.36 
AVC(2)= 74.419  
ATC(3)= 430.36  
AVC(3)= 123.077  
ATC(4)= 647.31  
AVC(4)= 55.728  
ATC(5)= 491.46  
AVC(5)= 126.984  
ATC(6 )= 1313.16  
AVC(6 )= 0.
FLAGEQ= 1 
Y(1)=0 .
Y(2)=SIENTH(1)
M=EQPAR(3)+.01 
ACTIV=EQPAR(11)
IF (A C TIV . L T .0 .0 1 ) ACTIV=1.0 
SOTEMP(1)=SITEMP(1)
C- IF(S ITEM P(1 ) . L T .1 248 .) GO TO 105
IF(EQPAR(1 2 ) .L T .0 .0 1 ) EQPAR(12)=1572.
SOVPFR(1)=SIVP FR(1)
SOMOLE(1)=SIMOLE(1)
SOENTH(1)=SIENTH(1)
TSAVE=SITEMP(1)
HSAVE=SIENTH(1)
DO 1 1=1,NOCOMP 
1 SOCOMP(I, 1)=SIC0MP(1 ,1 )
TS02=SIC0MP(3,1)+SIC0MP(5,1 )
T02=SIC0MP(2,1)+SIC0MP(5, l ) / 2 .
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TM=SIMOLE(1)+SICOMP(5 ,1 ) / 2 .
XS02=TS02/TM
X02=T02/TM
EF=EQPAR(5)
DT=B.
STPD=TS02*r. 178 
C- AC=TM*359./4800.'
AC=1134.
Z=EQPAR(7)
EQPAR(9)=Z*AC*28.316 
EQPAR(4 )=EQPAR(9 )/STPD 
H=Z/M
C- CATALYST PHYSICAL PROPERTIES ARE SET 
IF(EQPAR(2).GT.0 .0 1 )  GO TO 2 
RH0CAT=38.1 
AAVG=6. 14E-5 
THETA=0.483 
TAU=8.19 
DIAMP= .0540 
DIAML=.00907 
GO TO 3
2 RH0CAT=33.8  
AAVG=3. 79E-5 
THETA=0.534 
TAU=3.
DIAMP= .0405 
DIAML=.00681
3 EPS=0.38
AV=6 . * (  1 . -EPS)/DIAMP 
PH1=0.91
C- CALCULATE MW AND CONSTANT FOR VISCOSITY EQN. 
WMW=0.
DO 4 1=1,NOCOMP
V ( I )= 8 . 06E-3*SQRT(AMW(I)*ATC(I) ) / ( AVC(I) * * .6 6 7 )  
X( I)= S I COMP( I , l)/S IM O L E (1)
4 WMW-WMW+AMW( I ) *  X( I )
G=4800. *WMW*SIMOLE(1 ) / ( 3 5 9 . *TM)
SOPRES(1)=SIPRES(1)-0.20*Z  
C- 22 INCH W.C. DELTA P ALLOWANCE FOR DIRT FACTOR 
IF(EQPAR(1 ) . EQ.5 0 .)  SOPRES(1)=SOPRES(1) - 0 .8  
PP=SOPRES(1) / 1 4 .696 
PS02=XS02*PP 
P02=X02*PP
C-
C- RUNGA-KUTTA METHOD BEGINS FOR RATE CALC.
C-
5 DO 100 K=1,M 
J=0
Y 0 (1 )= Y (1)
Y0(2)=Y (2)
10 T=(SO TEM P(l)+D T)/l.8
KP=EXP(2 . 30 2 6 *(5129 ./ T - 4 .8 6 9 ))
DELHR=1.8 * ( -2 4 0 9 7 .-0 .26*T+1. 6 9E -3*T **2+ 1 . 5E5/T)
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DELHR=1.015*DELHR 
DO 11 1=1.NOCOMP
11 P(I)=SOCOMP(I, l)*PP/SOMOLE(1)
F E Q = 1 P (5 )/(P (3 )*S Q R T (P (2 ))*K P )
IF(FLAGEQ.EQ.2) GO TO 21 
IF(K.EQ.M ) GO TO 21
IF ( FEQ. L T .0 .5 .AND'.KP.GT. 1 0 0 .) GO TO 103 
IF(FEQ .LT.O .3 ) GO TO 103
21 IF(FEQ. LT.O .0001) GO TO 101 
IF(EQPAR(2 ) .G T .0 .01 ) GO TO 12 
A=EXP(-6.8+4960./T )
C=EXP(1 0 .3 2 -7 3 5 0 ./T )
D=EXP(-7.58+6370./T )
GO TO 13
12 A=EXP(-5.69+4060./T )
C=EXP(6.4 5 -4 6 1 0 ./T )
D=EXP(-8.59+7020./T )
13 R=PS02*SQRT(P02)*FEQ*EF*RH0CAT*ACTIV/
(A+C*PS02+D*P(5))**2
F(1)=AC*R
F(2)=-F(1)*DELHR
J=J+1
DO 20 1=1,2
20 KK(J, I)=H *F ( I )
GO TO (3 0 ,3 0 ,4 0 ,5 0 ) ,J
30 DO 31 1=1,2
31 Y ( I )= Y 0 ( I )+ 0 . 5*KK(J, I )
GO TO 52
40 DO 41 1=1,2
41 Y ( I)= Y 0 (I)+ K K (J , I )
GO TO 52
50 DO 51 1=1,2
51 Y ( I ) = Y 0 ( I ) + . 166667*(KK(1 , I)+ 2*K K (2 , I)+ 2 *K K (3 , I )+
KK(4 , I ) )
52 IF (Y(1).GT.SICOM P( 3 ,1 ) )  GO TO 101 
SOCOMP(5 ,1 )=SICOMP( 5 ,1 )+ Y (1)
SOCOMP(3 ,1 )=SICOMP(3 ,1 ) - Y ( 1)
S0C0MP(2,1)=SIC0MP(2,1 ) - Y ( 1) / 2 .
SOMOLE(1)=SIMOLE(1) - Y ( 1) / 2 .
DELHRX=Y(2)-S0ENTH(1)
SOENTH(1)=Y(2)
C- N0UTX=1
C- NINX=1
C- ESAVE=EQPAR(2)
C- EQPAR(2)=2.0
C- NEQPX = 2
C- NDSPX = 5
C- DO 75 1=1,6
C—75 SOCOMP(I, 1)=SIC0MP(1 ,1 )
C- CALL FLASH1(NINX,N0UTX,NOCOMP,NEQPX,NDSPX,SI VPFR, SITEMP,
C- 1 SIPRES,SIENTH,SIMOLE,SICOMP,SIKV,SOVPFR,SOTEMP,SOPRES,
C- 2 SOENTH, SOMOLE, SOCOMP, SOKV, EQPAR, DESPAR)
C- SOENTH(1)=Y (2)
C- EQPAR(2)=ESAVE
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CALL NEWTEM(50C0MP, SOMOLE, DELHRX, SOTEMP)
IF ( J . LT.4) GO TO 10 
IF(K.EQ.M) GO TO 100 
C- CATALYST EFFECTIVENESS FACTOR CALC.
DK=9700. *AAVG*SQRT(T/64. )
DOMEGA=l. 0 7 5 *(T /1 6 2 . 3 ) * * ( - 0 . 1615)+
2 * (T /1 6 . 23 )**(-0 ,7 4 *A L O G 1 0 (T /1 6 .2 3 ))
DS02=2. 7 2 E -5 *T **1 . 5/(PP*DOMEGA)
DPORE=l. / ( 1 ./DS02+1./DK)
DEFF=3.88*DP0RE*THETA/TAU
C S 0 2 = P (3 )/(0 .7 2 9 *T *1 .8 )
TH=DIAML*SQRT(R/(EF*(1 . -EPS)*CS02*DEFF)) 
E F=3./T H *(1 ./T A N H (T H )-1 ./T H )
IF(EQPAR(1 ) . EQ.1 1 0 ..AND.EQPAR(2). LT.0 .0 1 ) EF=0.8*EF 
IF(EQPAR(1).EQ.1 1 0 ..AND.EQPAR(2).GT.0 .0 1 ) EF=0.4*EF 
IF (D T . LT.0 .2 )  GO TO 104 
C- BULK GAS TO PELLET TEMP. GRADIENT CALC.
VMU=0.
WMW=0.
DO 60 1=1 ,NOCOMP 
X (I)= P ( I) /P P
TR=S0TEM P(1)/(A TC (I)*1.8)
FTR=1. 0 58*T R **0 .6 4 5 -0 .2 6 1 /(1 .9 * T R )* * (0 . 9*ALOG10 
( 1 . 9*TR ))
VMU=VMU+X(I)*FTR*V(I)
60 WMW=WMW+X(I)*AMW(I)
G=4800. *WMW*SOMOLE(1 ) / ( 4 9 2 . * 0 .729*TM)
RE=G/( AV* PHI* VMU)
H JH =PH I*R E**(-0 .51)
PRN=0.83
CP=(SOENTH(l)—HSAVE)/
( ( SOTEMP(1)-TSAVE)*SOMOLE(1)*WMW)
TSAVE=SOTEMP(1)
HSAVE=SOENTH(1)
Q=R*DELHR/(AV*PHI*CP*G)
DT=-Q*PRN/HJH
104 CONTINUE 
100 CONTINUE
IF(SOTEMP(1 ) .GT. EQPAR(12 )) GO TO 105 
GO TO 102 
103 FLAGEQ= 2 
MM1=M-1 
MM3=M-3 
M=15
C- IF(EQPAR(1 ) . EQ.1 5 . .AND. K. EQ. MM1) M=8
IF(EQPAR(1 ) . EQ. 9 0 . .AND.K.EQ.MM1) M=8 
IF(EQPAR(1 ) . EQ.1 1 0 ..AND.K.LT.MM1) M=20 
IF(EQPAR(1 ) .EQ .1 1 0 ..AND.K.LT.MM3) M=30
H =(Z-K*H~J*H /4. )/M  
GO TO 5
105 VTST= 2 
GO TO 70
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101 CONTINUE
102 CONV=SOCOMP(5 ,1 )/TS02 
EQPAR(6 )=AC
EQPAR(8 )=CONV 
70 RETURN 
END
SUBROUTINE NEWTEM(SOCOMP, SOMOLE, DELHR, TREF)
DIMENSION ALPHA(6 ),BETA(6 ),GAMMA(6 ),XFRAC(6 ) ,
1 SOCOMP(6 , 1 ) , SOMOLE(1)
LIMIT=10 
ACC=1./LIMIT  
ALPHA(1)=6.903 
ALPHA(2)=6.085 
ALPHA(3)=6.157 
ALPHA(5)=10.964 
B E TA (l)= -3 .753E-4  
BETA(2)=3. 631E-3 
BETA(3)=1. 384E-2 
BETA(5)=1. 251E-2 
GAMMA(1)=0. 193E-5 
GAMMA(2)=-0.1709E-5 
GAMMA(3 )= -0 . 9103E-5 
GAMMA(5)=-0. 6B23E-5 
ALPMIX=0.
BETMIX=0.
GAMMIX=0.
J=0
DO 1 1=1,6 
C- XFRAC(I)=SOCOMP(1,1 )/SOMOLE( 1)
ALPMIX=ALPMIX + SOCOMP(I,1 )*ALPHA(I)
BETMIX=BETMIX + SOCOMP(I,1)*BETA(I)
GAMMIX=GAMMIX + SOCOMP(I, 1)*GAMMA(I)
1 CONTINUE 
10 CONTINUE
J=J+1
CPTREF=(ALPMIX+BETMIX*(TREF/1.8)+GAMMIX*(TREF/1.8)**2)
TEMP=TREF + ACC*DELHR/CPTREF
IF(TEM P.LT.4 0 0 .0 .OR.TEMP.GT.2800 .0 ) TEMP= 1000.0
2 TREF=TEMP
IF (J .G E .L IM IT ) GO TO 3 
GO TO 10
3 RETURN 
END
STOP LIBRARY 
END
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FORTRAN COMPILATION
ELAPSED TIME- 00:00 :32 .070  IN COMPILATION
ELAPSED TIME- 00:00 :00 .820  IN LINKAGE
THERMO DATA FILE-OPENED FOR READ 
FILE NAME IS : H20 /S03 ( )
CHEMICAL FILE ACCESSED WAS CREATED 100CT84 11:58:50
AND LAST MODIFIED 100CT84 11:58:50
NUMBER OF COMPONENTS ON FILE = 6
46 NITROGEN
47 OXYGEN
51 S02
62 WATER
1068 SULFUR TRIOXIDE
200 SULFUR
THERMO DATA FILE OPENED FOR READ 
FILE NAME IS : H20 /S03 ( )
STREAM THERMODYNAMIC INITIALIZATION
STREAM NUMBER RVALUES ENTHALPIES DENSITY
1 REN HELT STD
2 REN HELT STD
3 REN HELT STD
4 REN HELT STD
5 REN HELT STD
214 REN HELT STD
230 REN HELT STD
300 REN HELT STD
THE FOLLOWING STREAMS ARE FEED STREAMS TO THE PROCESS
STREAM NUMBER
1
2
3
4
5
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THE FOLLOWING STREAMS ARE PRODUCT STREAMS FROM THE PROCESS 
STREAM NUM3ER
210
232
321
330
500
501 
504
++SYSTEM VARIABLES++
NUMBER IF  ITEMS IN PRIMARY RECYCLE LIST 36
NUMBER OF ITEMS IN SECONDARY RECYCLE LIST 1
NUMBER OF COMPONENTS 6
COMPONENTS USED... 46 NITROGEN
47 OXYGEN
51 S02
62 WATER
1068 SULFUR TRIOXIDE
200 SULFUR
ENTHALPY DATUM IS IDEAL GAS AT 32 DEGREES F
ENERGY SIGN CONVENTION: WORK PRODUCED BY THE EQUIPMENT IS POSITIVE
HEAT TRANSFERRED TO THE EQUIPMENT IS POSITIVE 
STANDARD CONDITIONS ARE STP 60.00 DEG F AND 14.696 PSIA 
NTP 0 .00  DEG C AND 1.00 ATM
API 15.00 DEG C AND 1.00 ATM
LIQUID GAL AND BBL ARE U.S. GAL AND BBL
USER SPECIFIED EQUIPMENT CALCULATION SEQUENCE 1 213,220 ,231 , 10, 20
, 21, 30, 31 ,500,214  
,215 ,5 3 0 ,2 3 0 , 32,301  
, 40, 41 ,510 , 50, 60 
, 70 ,3 0 3 ,3 2 0 ,3 2 1 , 80 
,521 , 90 ,322 ,100,52 2  
, 110, 200 , 210, 211,212  
,520,
USER SPECIFIED EQUIPMENT CALCULATION SEQUENCE 2 323,
RECYCLE ACCELERATION STREAMS 214 ,230 ,300 ,
RECYCLE LOOP CONVERGENCE TOLERANCE 0.0010
MAXIMUM RECYCLE LOOPS 10
++++++ GENERAL THERMOPHYSICAL PROPERTY OPTIONS +++++++
RVALUES ENTHALPIES DENSITIES VAPOR FUGACITIES
REN HELT STD IDE VAP
VISCOSITY THERMAL CONDUCTIVITY
LIQUID VAPOR LIQUID VAPOR
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NBS81 NBSS1 NBSei NBSS1
SURFACE TENSION
STD
EQUIPMENT SPECIFIC ENTHALPY OPTIONS USED
++++ BEGIN RECYCLE CALCULATIONS WITH USER EQUIPMENT 
CALCULATION SEQUENCE FOR LEVEL 10
ITERATION 4 OF RECYCLE LOOP 1
++++++ LOOP 1 HAS CONVERGED AFTER 4 ITERATIONS++++++++
+++++ END OF RECYCLE CALCULATIONS
++++ BEGIN RECYCLE CALCULATIONS WITH USER EQUIPMENT 
CALCULATION SEQUENCE FOR LEVEL 20
ITERATION 2 OF RECYCLE LOOP 2
++++++ LOOP 2 HAS CONVERGED AFTER 2 ITERATIONS++++++++
+++++ END OF RECYCLE CALCULATIONS
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STREAM SUMMARY
STREAM NUMBER 1 2 3 4
EQUIP CONXION FEED-DRY FEED-BURN FEED-ECON FEED-DILA
( 0 ) - (  10) ( 0 ) - (  30) ( 0 ) - (2 0 0 )  ( 0 ) - (2 1 1 )
VAPOR FRACTION 1.0000 0 .00000E+00 0 . OOOOOE+OO 0 . 00000E+00
TEMPERATURE F 70.000 275.00 250.00 62.000
PRESSURE PSIA 14.700 170.00 900.00 80.000
ENTHALPY BTU/HR 0 . 52219E+07-■0.45062E+08-■0.18395E+09-■0.33878E+08
LB/FT3 T-P 7.44S23E-02 151.89 56.573 63.930
S .G .(60F ) STP 2.5868 1.0001 1.0001
GAL/MIN STP 37.171 432.13 64.819
MMSCF/DAY STP 182.13
MOLECULAR WT 28.790 32.066 18.015 18.015
FLOW RATES LBMOL/HR
NITROGEN 15680. 0 .00000E+00 0 . OOOOOE+OO 0 .00000E+00
OXYGEN 4200.0 0 .00000E+00 0 .00000E+00 0 . OOOOOE+OO
S02 0 . 00000E+00 0 . 00000E+00 0 .00000E+00 0 . 00000E+00
WATER 120.00 0 .00000E+00 12000. 1800.0
SULFUR TRIOXIDE 0 . OOOOOE+OO 0 .00000E+00 0 . OOOOOE+OO 0 .OOOOOE+OO
SULFUR 0 . 00000E+00 1500.0 0 .OOOOOE+OO 0 . 00000E+00
TOTAL LBMOL/HR 20000. 1500.0 12000. 1800.0
TOTAL LB/HR 0 . 57581E+06 48099. 0 .21618E+06 32428.
STREAM SUMMARY (CONTINUED)
STREAM NUM3ER 5 10 20 21
EQUIP CONXION FEED-DILP DRY -BLOW BLOW-AIR AIR -BURN
( 0 )—(214) ( 1 0 )- (  20) ( 2 0 ) - (  21) ( 2 1 ) - (  30)
VAPOR FRACTION 0 .OOOOOE+OO 1.0000 1.0000 1.0000
TEMPERATURE F 62.000 95.000 109.89 109.89
PRESSURE PSIA 80.000 14.700 20.840 20.840
ENTHALPY BTU/HR - 0 . 37643E+07 0.86546E+07 0 . 10702E+08 0.77149E+07
LB/FT3 T-P 63.930 7 . 12745E-02 9.84094E-02 9.84094E-02
S .G .(60F ) STP 1.0001
GAL/MIN STP 7.2021
MMSCF/DAY STP 181.03 181.03 130.50
MOLECULAR WT 18.015 28.855 28.855 28.855
FLOW RATES LBMOL/HR
NITROGEN 0 .OOOOOE+OO 15680. 15680. 11303.
OXYGEN 0 . OOOOOE+OO 4200.0 4200.0 3027.6
S02 0 . OOOOOE+OO 0 .OOOOOE+OO 0 .OOOOOE+OO 0 . OOOOOE+OO
WATER 200.00 0 . OOOOOE+OO 0 .OOOOOE+OO 0 .OOOOOE+OO
SULFUR TRIOXIDE 0 .OOOOOE+OO 0 . OOOOOE+OO 0 .OOOOOE+OO 0 .OOOOOE+OO
SULFUR 0 . OOOOOE+OO 0 .OOOOOE+OO 0 .OOOOOE+OO 0 .OOOOOE+OO
TOTAL LBMOL/HR 200.00 19880. 19880. 14331.
TOTAL LB/HR 3603.1 0 . 57364E+06 0 . 57364E+06 0 . 41352E+06
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STREAM SUMMARY (CONTINUED)
STREAM NUMBER 22 30 31 32
EQUIP CONXION AIR -MIXR BURN-HEAT HEAT-BOUT B0UT-BPAS
( 2 1 )- (  41) ( 3 0 )- (  31) ( 3 1 )-(5 0 0 ) (5 0 0 )- (  32)
VAPOR FRACTION ■ 1 . 0 0 0 0 1 .0 0 00 1 . 00 00 1 . 00 00
TEMPERATURE F 109'. 89 140.63 1800.0 1800.0
PRESSURE PSIA 20.840 20.840 20.840 20.840
ENTHALPY BTU/HR 0.29874E-07 0 . 11182E+08 0 .20238E+09 0.20238E+09
LB/FT3 T-P 9.84094E-02 0.10428 2.76690E-02 2.76690E-02
S .G .(60F ) STP
GAL/MIN STP
MMSCF/DAY STP 50.533 130.50 130.50 130.50
MOLECULAR WT 28.855 32.211 32.211 32.211
FLOW RATES LBMOL/HR
NITROGEN 4376.9 11303. 11303. 11303.
OXYGEN 1172.4 1527.6 1527.6 1527.6
S02 0 . 00000E+00 1500.0 1500.0 1500.0
WATER 0.00000E+00 0.00000E+00 0 . 00000E+00 0.00000E+00
SULFUR TRIOXIDE 0 . 00000E+00 0 .00000E+00 O.OOOOOE+OO 0.00000E+00
SULFUR 0 . 00000E+00 0 .00000E+00 0 . 00000E+00 0.00000E+00
TOTAL LBMOL/HR 5549.2 14331. 14331. 14331.
TOTAL LB/HR 0 . 16013E+06 0.46161E+06 0.46161E+06 0.46161E+06
STREAM SUMMARY (CONTINUED)
STREAM NUMBER 33 34 40 41
EQUIP CONXION BPAS-BOL1 BPAS-MIXR B0L1-MIXR MIXR-REAT
( 3 2 )- (  40) ( 3 2 ) - (  41) ( 4 0 ) - (  41) ( 4 1 )—(510)
VAPOR FRACTION 1 . 00 00 1 . 00 00 1 . 00 00 1 . 00 00
TEMPERATURE F 1800.0 1800.0 800.00 800.00
PRESSURE PSIA 20.840 20.840 20.840 20.840
ENTHALPY BTU/HR 0 . 15551E+09 0.46867E+08 0 . 63796E+08 0 . 11365E+09
LB/FT3 T-P 2.76690E-02 2.76690E-02 4.96332E-02 4.81887E-02
S .G .(60F ) STP
GAL/MIN STP
MMSCF/DAY STP 100.28 30.221 100.28 181.03
MOLECULAR WT 32.211 32.211 32.211 31.274
FLOW RATES LBMOL/HR
NITROGEN 8685.6 2617.5 8685.6 15680.
OXYGEN 1173.9 353.76 1173.9 2700.0
S02 1152.6 347.37 1152.6 1500.0
WATER O.OOOOOE+OO O O o 0.00000E+00 0.00000E+00
SULFUR TRIOXIDE O.OOOOOE+OO 0.00000E+00 0.00000E+00 0.00000E+00
SULFUR 0.00000E+00 0.00000E+00 O.OOOOOE+OO 0.00000E+00
TOTAL LBMOL/HR 11 0 1 2 . 3318.7 11 0 1 2 . 19880.
TOTAL LB/HR 0 . 35471E+06 0 . 10690E+06 0.35471E+06 0.62174E+06
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STREAM SUMMARY (CONTINUED)
STREAM NUMBER 42 50 60 70
EQUIP CONXION REAT-BED1 BED1-BOL2 BOL2-BED2 BED2-SUP1
(5 1 0 )—( 50) ( 5 0 )—( 60) ( 6 0 )- (  70) ( 7 0 ) - (  80)
VAPOR FRACTION 1.00 00 1 . 00 00 1 . 00 00 1 . 00 00
TEMPERATURE F 800.00 1099.5 810.00 891.28
PRESSURE PSIA 20.840 19.652 19.662 19.244
ENTHALPY BTU/HR 0 . 11365E+09 0 . 16202E+09 0 .1 1 574E+09 0 . 12875E+09
LB/'FT3 T-P 4.818S7E-02 3.78264E-02 4.64517E-02 4.30717E-02
S .G .(60F) STP
GAL/MIN STP
MMSCF/DAY STP 181.03 175.80 175.80 174.40
MOLECULAR WT 31.274 32.206 32.206 32.465
FLOW RATES LBMOL/HR
NITROGEN 15580. 15680. 15680. 15680.
OXYGEN 2700.0 2125.2 2125.2 1971.5
S02 1500.0 350.33 350.33 43.057
WATER 0.00000E+00 O.OOOOOE+OO 0.00000E+00 0.00000E+00
SULFUR TRIOXIDE 0.00000E+00 1149.7 1149.7 1456.9
SULFUR 0.00000E+00 O.OOOOOE+OO 0.00000E+00 0.00000E+00
TOTAL LBMOL/HR 19880. 19305. 19305. 19151.
TOTAL LB/HR 0.62174E+06 0.62174E+06 0 . 62174E+06 0 .62175E+06
STREAM SUMMARY (CONTINUED)
STREAM NUMBER 80 90 100 110
EQUIP CONXION SUP1-BED3 BED3-SUP2 SUP2-BED4 BED4-EC0N
( 8 0 ) - (  90) ( 9 0 ) - ( 100) ( 10 0 ) - ( 1 1 0 ) ( 1 1 0 ) —( 2 0 0 )
VAPOR FRACTION 1. 00 00 1 . 00 00 1 . 00 00 1 .0 0 00
TEMPERATURE F 850.00 854.22 825.00 826.75
PRESSURE PSIA 19.244 18.796 18.796 18.248
ENTHALPY BTU/HR 0.12221E+09 0 . 12288E+09 0 . 11826E+09 0 . 11854E+09
LB/FT3 T-P 4.44294E-02 4.32742E-02 4.42584E-02 4.29176E-02
S .G .(60F) STP
GAL/MIN STP
MMSCF/DAY STP 174.40 174.33 174.33 174.30
MOLECULAR WT 32.465 32.478 32.478 32.484
FLOW RATES LBMOL/HR
NITROGEN 15680. 15680. 15680. 15680.
OXYGEN 1971.5 1963.5 1963.5 1960.2
S02 43.057 27.093 27.093 20.435
WATER O.OOOOOE+OO O.OOOOOE+OO O.OOOOOE+OO O.OOOOOE+OO
SULFUR TRIOXIDE 1456.9 1472.9 1472.9 1479.6
SULFUR O.OOOOOE+OO O.OOOOOE+OO O.OOOOOE+OO O.OOOOOE+OO
TOTAL LBMOL/HR 19151. 19144. 19144. 19140.
TOTAL LB/HR 0.62175E+06 0.62175E+06 0 . 62175E+06 0 .62175E+06
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STREAM SUMMARY (CONTINUED)
STREAM NUMBER 200 210 211 212
EQUIP CONXION ECON-AABS AABS-PROD AABS-MIXR DILA-MIXR
( 2 0 0 ) —( 2 1 0 ) ( 2 1 0 ) —( 0 ) ( 2 1 0 ) - ( 2 1 2 ) ( 2 1 1 ) - ( 2 1 2 )
VAPOR FRACTION • 1 . 00 00 1 . 00 00 0.00000E+00 O.OOOOOE+OO
TEMPERATURE F 462’. 29 2 1 0 . 0 0 228.55 62.000
PRESSURE PSIA 18.248 14.700 14.700 80.000
ENTHALPY BTU/HR 0.62350E+08 0 .21905E+0S-• 0 .11563E+10--0.26417E+08
LB/FT3 T-P 5.98925E-02 5.82791E—02 96.162 63.930
S .G .(60F ) STP 1.6553 1. 00 01
GAL/MIN STP 4968.7 50.543
MMSCF/DAY STP 174.30 160.82
MOLECULAR WT 32.484 28.497 49.284 18.015
FLOW RATES LBMOL/HR
NITROGEN 15680. 15680. 0.25834 O.OOOOOE+OO
OXYGEN 1960.2 1960.2 0.36761E-01 O.OOOOOE+OO
S02 20.435 20.024 4.6999 0.00000E+00
WATER 0.00000E+00 O.OOOOOE+OO 41412. 1403.6
SULFUR TRIOXIDE 1479.6 O.OOOOOE+OO 42063. 0.00000E+00
SULFUR 0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00
TOTAL LBMOL/HR 19140. 17660. 83480. 1403.6
TOTAL LB/HR 0 . 62175E+06 0 . 50326E+06 0 .4 1 142E+07 25286.
STREAM SUMMARY (CONTINUED)
STREAM NUMBER 213 214 215 216
EQUIP CONXION MIXR-DILA DILA-ASEP ASEP-COOL ASEP-MIXR
(2 1 2 )-(5 2 0 ) (5 2 0 )-(2 1 3 ) (2 1 3 )- (2 2 0 ) (2 1 3 )- (2 1 5 )
VAPOR FRACTION O.OOOOOE+OO O.OOOOOE+OO O.OOOOOE+OO O.OOOOOE+OO
TEMPERATURE F 221.07 221.07 221.07 221.07
PRESSURE PSIA 14.700 14.700 14.700 14.700
ENTHALPY BTU/HR -0.12536E+10-■0.12536E+10-■0.11565E+10--0.97138E+08
LB/FT3 T-P 96.326 96.326 96.327 96.326
S .G .(60F ) STP 1.6482 1.6482 1.6482 1.6482
GAL/MIN STP 5253.3 5253.3 4846.4 407.06
MMSCF/DAY STP
MOLECULAR WT 48.728 48.728 48.728 48.728
FLOW RATES LBMOL/HR
NITROGEN 0.26077 0.30300 0.23667 0 . 19879E-01
OXYGEN 0.37406E-01 0 .44693E—01 0 . 33835E—01 0.28419E-02
S02 4.7040 5.2471 4.2895 0.36028
WATER 44888. 44888. 41412. 3478.2
SULFUR TRIOXIDE 43991. 43991. 40584. 3408.7
SULFUR O.OOOOOE+OO O.OOOOOE+OO O.OOOOOE+OO O.OOOOOE+OO
TOTAL LBMOL/HR 88884. 88884. 82000. 6887.3
TOTAL LB/HR 0.43311E+07 0.43312E+07 0 . 39957E+07 0 .33561E+06
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STREAM SUMMARY (CONTINUED)
STREAM NUMBER 217 218 219 220
EQUIP CONXION DILP-MIXR MIXR-DILP DILP-COOL COOL-AABS
(2 1 4 )—(215) (2 1 5 )—(530) (5 3 0 )- (2 3 0 ) ( 2 2 0 ) —( 2 1 0 )
VAPOR FRACTION 0.00000E+00 0.00000E+00 0.00000E+00 O.OOOOOE+OO
TEMPERATURE F 62.000 11 0. 86 11 0 . 86 205.00
PRESSURE PSIA 80.000 14.700 14.700 14.700
ENTHALPY BTU/HR - 0 . 12669E+07-■0.13141E+10-■0.13141E+10-- 0 .11967E+10
LB/FT3 T-P 63.930 103.02 103.02 97.408
S .G .(60F) STP 1. 00 01 1.6376 1.6376 1.6482
GAL/MIN STP 2.4240 4415.7 4415.7 4846.4
MMSCF/DAY STP
MOLECULAR WT 18.015 47.915 47.915 48.728
FLOW RATES LBMOL/HR
NITROGEN 0.00000E+00 0.71553E-01 0.71553E-01 0.23667
OXYGEN 0.00000E+00 0 . 17040E-01 0.17040E-01 0.33835E-01
S02 0.00000E+00 0.43123 0.43123 4.2895
WATER 67.313 39117. 39117. 41412.
SULFUR TRIOXIDE 0.00000E+00 36378. 36378. 40584.
SULFUR 0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00
TOTAL LBMOL/HR 67.313 75495. 75495. 82000.
TOTAL LB/HR 1212.7 0 . 36173E+07 0 . 36173E+07 0 . 39957E+07
STREAM SUMMARY (CONTINUED)
STREAM NUMBER 230 231 232 233
EQUIP CONXION COOL-PSEP PSEP-MIXR PSEP-PROD PSEP-DRY
(2 3 0 )—(231 ) (2 3 1 )—(212) (2 3 1 )—( 0 ) (2 3 1 )—( 10 )
VAPOR FRACTION 0.00000E+00 O.OOOOOE+OO O.OOOOOE+OO O.OOOOOE+OO
TEMPERATURE F 10 0. 00 10 0 . 0 0 10 0 . 00 1 0 0 . 00
PRESSURE PSIA 14.700 14.700 14.700 14.700
ENTHALPY BTU/HR - 0 . 13376E+10-■0.70872E+08-•0.54410E+08-■0.12123E+10
LB/FT3 T-P 103.71 103.71 103.71 103.71
S .G .(60F ) STP 1.6376 1.6376 1.6376 1.6376
GAL/MIN STP 4415.7 233.96 179.62 4001.9
MMSCF/DAY STP
MOLECULAR WT 47.915 47.915 47.915 47.915
FLOW RATES LBMOL/HR
NITROGEN 0.66422E-01 0.24321E-02 0.18672E-02 0.41602E-01
OXYGEN 0 . 16064E—01 0.64433E-03 0 . 49467E—03 0 . 1102 1E- 0 1
S02 0.43123 0 .4 1 480E—02 0 .3 1845E—02 0 .70952E-01
WATER 39117. 2072.6 1591.1 35451.
SULFUR TRIOXIDE 36378. 1927.4 1479.7 32969.
SULFUR O.OOOOOE+OO O.OOOOOE+OO O.OOOOOE+OO O.OOOOOE+OO
TOTAL LBMOL/HR 75495. 4000.0 3070.9 68420.
TOTAL LB/HR 0 . 36173E+07 0 . 19166E+06 0 . 14714E+06 0 . 32784E+07
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STREAM SUMMARY (CONTINUED)
STREAM NUMBER 234 300 301 302
EQUIP CONXION DRY -MIXR ECON-WAT WAT -B0L1 WAT -BOL2
( 10 )—(215) ( 2 0 0 ) - ( 3D1) (3 0 1 )—( 40) (3 0 1 ) - (  60)
VAPOR FRACTION • O'.OOOOOE+OO 0.00000E+00 0.00000E+00 O.OOOOOE+OO
TEMPERATURE F 99.323 464.52 464.52 464.52
PRESSURE PSIA 14.700 650.00 650.00 650.00
ENTHALPY BTU/HR - 0 . 12157E+10-• 0 .12776E+09-•0.85171E+08--0.42585E+08
LB/FT3 T-P 103.71 48.586 48.586 48.586
S .G .(60F ) STP 1.6370 1. 00 01 1 .00 01 1 .00 01
GAL/MIN STP 4006.2 432.13 288.08 144.04
MMSCF/DAY STP
MOLECULAR WT 47.863 18.015 18.015 18.015
FLOW RATES ~ LBMOL/HR
NITROGEN 0.51674E-01 0.00000E+00 O.OOOOOE+OO 0.00000E+00 '
OXYGEN 0.14198E-01 0.00000E+00 O.OOOOOE+OO 0.00000E+00
S02 0.70952E-01 0.00000E+00 0.00000E+00 O.OOOOOE+OO
WATER 35571. 12 0 0 0 . 8000.0 4000.0
SULFUR TRIOXIDE 32969. 0.00000E+00 O.OOOOOE+OO 0.00000E+00
SULFUR 0.00000E+00 0.00000E+00 O.OOOOOE+OO 0.00000E+00
TOTAL LBMOL/HR 68540. 1 2 0 0 0 . 8000.0 4000.0
TOTAL LB/HR 0 . 32805E+07 0 .21618E+06 0 .1 4 4 12E+06 72061.
STREAM SUMMARY (CONTINUED)
STREAM NUMBER 303 304 308 321
EQUIP CONXION BOL1-MIXR B0L2-MIXR MIXR-PHAS PHAS-PROD
( 4 0 ) - ( 303) ( 6 0 )-(3 0 3 ) (3 0 3 )- (3 2 0 ) (3 2 0 )- (  0 )
VAPOR FRACTION 0.82385 0.83181 0.82649 O.OOOOOE+OO
TEMPERATURE F 495.59 495.47 495.56 495.56
PRESSURE PSIA 650.00 650.00 650.00 650.00
ENTHALPY BTU/HR 0 . 65517E+07 0 . 36744E+07 0 . 10226E+08-•0.20548E+08
LB/FT3 T-P 47.566
S .G .(60F ) STP 1. 00 01
GAL/MIN STP 74.980
MMSCF/DAY STP
MOLECULAR WT 18.015 18.015 18.015 18.015
FLOW RATES LBMOL/HR
NITROGEN O.OOOOOE+OO O.OOOOOE+OO O.OOOOOE+OO O.OOOOOE+OO
OXYGEN O.OOOOOE+OO O.OOOOOE+OO O.OOOOOE+OO O.OOOOOE+OO
S02 O.OOOOOE+OO O.OOOOOE+OO O.OOOOOE+OO O.OOOOOE+OO
WATER 8000.0 4000.0 1 2 0 0 0 . 2082.2
SULFUR TRIOXIDE O.OOOOOE+OO O.OOOOOE+OO O.OOOOOE+OO O.OOOOOE+OO
SULFUR O.OOOOOE+OO O.OOOOOE+OO O.OOOOOE+OO O.OOOOOE+OO
TOTAL LBMOL/HR 8000.0 4000.0 12 0 0 0 . 2082.2
TOTAL LB/HR 0 . 14412E+06 72061. 0 . 21618E+06 37511.
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STREAM SUMMARY (CONTINUED)
STREAM NUMBER 322 323 324 325
EQUIP CONXION PHAS-SUP1 SUP1-SUP1 SUP1-SUP2 SUPi-STM
(3 2 0 )-(3 2 1 ) (3 2 1 )- (  80) (3 2 1 )~ (322) ( 8 0 )—(521)
VAPOR FRACTION 1 . 00 00 1 .0 0 00 1 .0 0 00 1 . 00 00
TEMPERATURE F 495.56 495.56 495.56 629.98
PRESSURE PSIA 650.00 650.00 650.00 600.00
ENTHALPY BTU/HR 0 . 30774E+08 0 . 14827E+08 0 . 15947E+08 0.21370E+08
LB/FT3 T-P 1.3206 1.3206 1.3206 1.0065
S .G .(60F ) STP
GAL/MIN STP
MMSCF/DAY STP 90.314 43.514 46.800 43.514
MOLECULAR WT 18.015 18.015 18.015 18.015
FLOW RATES LBMOL/HR
NITROGEN 0.00000E+00 0.00000E+00 0.00000E+00 O.OOOOOE+OO
OXYGEN 0.00000E+00 0.00000E+00 0.00000E+00 O.OOOOOE+OO
S02 0.00000E+00 0.00000E+00 0.00000E+00 O.OOOOOE+OO
WATER 9917.8 4778.5 5139.3 4778.5
SULFUR TRIOXIDE 0.00000E+00 0.00000E+00 0.00000E+00 O.OOOOOE+OO
SULFUR 0.00000E+00 0.00000E+00 O.OOOOOE+OO O.OOOOOE+OO
TOTAL LBMOL/HR 9917.8 4778.5 5139.3 4778.5
TOTAL LB/HR 0 . 17867E+06 86086. 92587. 86086.
STREAM SUMMARY (CONTINUED)
STREAM NUMBER 326 327 328 329
EQUIP CONXION STM —MIXR SUP2-SUP2 SUP2-STM STM -MIXR
(5 2 1 )—(323) (3 2 2 )- (1 0 0 ) (1 0 0 )-(5 2 2 ) (5 2 2 )—(323)
VAPOR FRACTION 1. 0 0 0 0 1 .0 0 00 1 . 00 00 1 . 00 00
TEMPERATURE F 629.98 495.56 629.97 629.97
PRESSURE PSIA 600.00 650.00 600.00 600.00
ENTHALPY BTU/HR 0.21370E+08 0 . 10474E+08 0 . 15096E+08 0 . 15096E+08
LB/FT3 T-P 1.0065 1.3206 1.0065 1.0065
S .G .(60F ) STP
GAL/MIN STP
MMSCF/DAY STP 43.514 30.740 30.740 30.740
MOLECULAR WT 18.015 18.015 18.015 18.015
FLOW RATES LBMOL/HR
NITROGEN O.OOOOOE+OO O.OOOOOE+OO O.OOOOOE+OO O.OOOOOE+OO
OXYGEN O.OOOOOE+OO O.OOOOOE+OO O.OOOOOE+OO O.OOOOOE+OO
S02 O.OOOOOE+OO O.OOOOOE+OO O.OOOOOE+OO O.OOOOOE+OO
WATER 4778.5 3375.7 3375.7 3375.7
SULFUR TRIOXIDE O.OOOOOE+OO O.OOOOOE+OO O.OOOOOE+OO O.OOOOOE+OO
SULFUR O.OOOOOE+OO O.OOOOOE+OO O.OOOOOE+OO O.OOOOOE+OO
TOTAL LBMOL/HR 4778.5 3375.7 3375.7 3375.7
TOTAL LB/HR 86086. 60814. 60814. 60814.
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STREAM SUMMARY (CONTINUED)
STREAM NUMBER 330 500 501 504
EQUIP CONXION MIXR-PROD DILA-PROD DILP-PROD SUP2-PROD
(3 2 3 )- (  0) ( 2 1 1 ) - (  0) (2 1 4 ) - (  0) (3 2 2 ) - (  C
VAPOR FRACTION 1. 00 00 0.00000E+00 O.OOOOOE+OO 1 . 00 00  •
TEMPERATURE F 629.98 62.000 62.000 495.56
PRESSURE PSIA 600.00 80.000 80.000 650.00
ENTHALPY BTU/HR 0 .36466E+08-■0.74614E+07-•0 .24973E+07 0.54723E+07
LB/FT3 T-P 1.0065 63.930 63.930 1.3206
S .G .(60F) STP 1. 00 01 1 . 00 01
GAL/MIN STP 14.276 4.7781
MMSCF/DAY STP 74.254 16.060
MOLECULAR WT 18.015 18.015 18.015 18.015
FLOW RATES LBMOL/HR
NITROGEN 0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00
OXYGEN 0.00000E+00 O.OOOOOE+OO 0.00000E+00 0.00000E+00
S02 0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00
WATER 8154.2 396.43 132.69 1763.6
SULFUR TRIOXIDE 0.00000E+00 O.OOOOOE+OO 0.00000E+00 O.OOOOOE+OO
SULFUR O.OOOOOE+OO 0.00000E+00 O.OOOOOE+OO O.OOOOOE+OO
TOTAL LBMOL/HR 8154.2 396.43 132.69 1763.6
TOTAL LB/HR 0 . 14690E+06 7141.9 2390.4 31773.
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+ EQUIPMENT SUMMARY -  INDIVIDUAL DETAILS +
****DIVIDERS/SPLITTER * * * *
EQUIPMENT NO. 21 32 211 213
EXTERNAL NAME AIR BPAS DILA ASEP
UNITS LBMOL/HR LBMOL/HR LBMOL/HR LBMOL/HR
FLOW STRM 1 • 0 .'1433E+05 0.1101E+05 1404. 0.8200E+05
EQUIPMENT SUMMARY -  INDIVIDUAL DETAILS •
***DIVIDERS/SPLITTER
EQUIPMENT NO. 
EXTERNAL NAME 
UNITS
FLOW STRM 1 
FLOW STRM 2
214 
DILP 
LBMOL/HR 
67.31  
0 . OOOOE+OO
(CONTINUED)
231
PSEP
LBMOL/HR
4000.
0 . 6842E+05
301
WAT
LBMOL/HR
8000.
0 . OOOOE+OO
321
SUP1
LBMOL/HR
4778.
0 .OOOOE+OO
EQUIPMENT NO. 
EXTERNAL NAME 
UNITS
FLOW STRM 1
322
SUP2
LBMOL/HR
3376.
* * * *  REACTORS * * * *
++ EQUIPMENT NO.- 30 EXTERNAL NAME- BURN ++
MODEL- STOICHIOMETRIC REACTOR TYPE- ISOTHERMAL
— REACTION —
1 OXYGEN
+ 1 SULFUR
1 S02
KEY COMPONENT NO.- 200 KEY CONVERSION =1.000
HEAT OF REACTION- BTU/LBMO OF KEY COMPONENT = 0 . OOOOE+OO 
REACTOR DUTY BTU/HR = 0.4853E+08
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+ EQUIPMENT SUMMARY - INDIVIDUAL DETAILS +
(CONTINUED)
****EXCHANGER/CONDENSERS****
EQUIPMENT NO. 31 40 60 80
EXTERNAL NAME HEAT BOL1 B0L2 SUP1
U BTU/HR/FT2/F • 50.00 50.00 50.00 50.00
AREA/SHELL FT2 100 '. 0 2571. 2 0 0 0 . 428.4
NO. SHELLS 1 . 00 0 1 . 0 0 0 1 . 00 0 1 . 00 0
SHELL PASSES 1. 00 0 1 . 00 0 1 . 00 0 1 . 0 0 0
TUBE PASSES 1. 00 0 1 . 0 0 0 1 . 00 0 1 . 0 0 0
DELTA P-STR 1
PSIA 0 .OOOOE+OO 0 .OOOOE+OO 0 . 0000E+00 0 . 0000E+00
DELTA P-STR 2
PSIA 0 .0000E+00 0 .0000E+00 0 .OOOOE+OO 50.00
Q STR1 BTU/HR 0 . 1912E+09 -0.9172E+08 - 0 . 4627E+08 -0.6543E+07
DELTA Q
BTU/HR 0 .1 9 12E+09 0 . 0000E+00 0 .0000E+00 0 . 0000E+00
LOG MEAN T. F 0 .0000E+00 713.5 462.8 305.5
WATER T IN F 90.03 90.03 90.03 90.03
WATER T OUT F 105.0 105.0 105.0 105.0
T OUT SPEC DEG F 800.0 810.0 850.0
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• EQUIPMENT SUMMARY - INDIVIDUAL DETAILS ■
****EXCHANGER/CONDENSERS**** 
EQUIPMENT NO. 100
EXTERNAL NAME SUP2
U BTU/HR/FT2/F • 50.00
AREA/SHELL FT2 338'. 0
NO. SHELLS 1.000
SHELL PASSES 1.000
TUBE PASSES 1.000
WATER GAL/HR 0 . OOOOE+OO 
DELTA P-STR 1
PSIA 
DELTA P-STR 2 
PSIA 
Q STR1 BTU/HR 
LOG MEAN T. F 
WATER T IN F 
WATER T OUT F 
T OUT SPEC DEG F
50.00  
0 .4622E+07
273.5
90.03
105.0
825.0
(CONTINUED)
200
ECON
50.00  
4005.
1.000 
1. 00 0  
1.000
220
COOL
50.00  
6962.
1.000 
1.000 
1.000
230
COOL
50.00 
0.6092E+05
1.000 
1 .0 00  
1 .0 00
0 . OOOOE+OO 0 . 3218E+06 0.1881E+06
0 .OOOOE+OO 0 .OOOOE+OO 0 . OOOOE+OO 0 .OOOOE+OO
250.0
-0.5619E+08
280.6
90.03
105.0
0 . OOOOE+OO 
- 0 . 4021E+08
115.5
90.03
105.0
205.0
0 .OOOOE+OO 
- 0 .2351E+08 
7.717
90.03
105.0
100.0
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• EQUIPMENT SUMMARY -  INDIVIDUAL DETAILS ■ 
*PUMP/COMPRESSOR/EXPD****
(CONTINUED)
EQUIPMENT NO. 20
EXTERNAL NAME BLOW
COMP. STAGES • 5 .000
WORK CAPACITY 
HP 0 . 1000E+07
OUTLET PRES.
PSIA 20.84
TYPE STEAM
STEAM ENTHALPY IN 
BTU/LBMO 0 . 2320E+05
STEAM ENTHALPY OUT 
BTU/LBMO 0.2113E+05
THERMAL EFFIC. 0.3798
(OR POLYTROPIC COEFF.)
WATER GAL/HR 0.6626E+05
STEAM LB/HR 0.89S2E+05
REAL WORK HP '-4 0 5 8 .
****SHORT CUT ABSORBERS * * * *
EQUIPMENT NO. 10 210
EXTERNAL NAME DRY AABS
NO. OF STAGES 5.000 20.00
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+ EQUIPMENT SUMMARY - INDIVIDUAL DETAILS +
(CONTINUED)
****CONTROL BLOCK * * * *
EQUIPMENT NO. 500 510 520
EXTERNAL NAME BOUT REAT DILA
SET POINT PARAMETERS
SET PT. KEY -1 .0 0 0  -1 .0 0 0  -1 .0 0 0
SET POINT 2260. 1260. 0.9800
EQUIP NO. 0 .OOOOE+OO 0 . OOOOE+OO 0 .OOOOE+OO
CONTROLLED VARIABLE PARAMETERS
EQ/DES 1.000 1.000 1.000
LOCATION 9.000 9.000 9.000
MINIMUM VAL. 0.1000E+05 8000. 1000.
MAXIMUM VAL. 0.1800E+05 0.1500E+05 1800.
CONTROL EQP. 21.00 32.00 211.0
STEPSIZE 1000. 1000. 200.0
SCALE FACTOR 1.000 1.000 1.000
MEASURED VARIABLE PARAMETERS
KEY1 4.000 4.000 13.00
KEY2 0 .OOOOE+OO 0 .OOOOE+OO 12.00
CALC. OPTION 0 . OOOOE+OO 0 .OOOOE+OO 4.000
EQUIP/STREAM 31.00 41.00 213.0
CONTROLLER PARAMETERS
FEED FORWARD 0 . OOOOE+OO 0 .OOOOE+OO 0 . OOOOE+OO
LOOP MAXIMUM 10.00 10.00 10.00
LOOP BEGIN 0 .OOOOE+OO 0 . OOOOE+OO 0 . OOOOE+OO
TOLERANCE 0 .OOOOE+OO 0 .OOOOE+OO 0 . OOOOE+OO
EQP/STM(KY2) 0 .OOOOE+OO 0 .OOOOE+OO 213.0
521
STM
- 1. 00 0
1090.
0. OOOOE+OO
1 . 00 0
9.000  
2 0 0 0 . 
7500.
321.0  
1000 .
1 . 00 0
4.000
0 . OOOOE+OO 
0 . OOOOE+OO
325.0
0 . OOOOE+OO
10.00
0 . OOOOE+OO 
0 . OOOOE+OO 
0 . OOOOE+OO
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
437
EQUIPMENT SUMMARY - INDIVIDUAL DETAILS •
****CONTROL BLOCK * * * *
EQUIPMENT NO. 522
EXTERNAL NAME STM
SET POINT PARAMETERS 
SET PT. KEY -1 .0 0 0
SET POINT 1090.
EQUIP NO. 0 .OOOOE+OO
CONTROLLED VARIABLE PARAMETERS 
EQ/DES 1.000
LOCATION 9.000
MINIMUM VAL. 300.0
MAXIMUM VAL. 6000.
CONTROL EQP. 322.0
STEPSIZE 1000.
SCALE FACTOR 1.000
MEASURED VARIABLE PARAMETERS 
KEY1 4.000
KEY2 0 .OOOOE+OO
CALC. OPTION 0 .OOOOE+OO
EQUIP/STREAM 328.0
CONTROLLER PARAMETERS
(CONTINUED)
FEED FORWARD 
LOOP MAXIMUM 
LOOP BEGIN 
TOLERANCE 
EQP/STM(KY2)
0 .OOOOE+OO 
10.00 
0 .OOOOE+OO 
0 .OOOOE+OO 
0 .OOOOE+OO
530
DILP
- 1. 00 0  
0.9300  
0 . OOOOE+OO
1. 00 0
9.000
30.00
300.0
214.0
100.0 
1. 00 0
13.00
12.00
4.000
218.0
0. OOOOE+OO 
10.00 
0 . OOOOE+OO 
0 . OOOOE+OO 
218.0
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+ EQUIPMENT SUMMARY - INDIVIDUAL DETAILS +
(CONTINUED)
****ADD MODULE * * * *
+++BL03+++
EQUIPMENT NO. 50 70 90 110
EXTERNAL NAME BED1 BED2 BED3 BED4
PARAMETERS : 0 . OOOOE+OO 0 .0000E+00 1. 00 0 1 . 0 0 0
3 1 0. 00 10 .0 0 10 .0 0 1 0 .0 0
4 34.35 37.98 40.71 49.79
5 0.4000 0.3000 0. 2 0 0 0 0 . 2 0 0 0
6 1134. 1134. 1134. 1134.
7 1.890 2.090 2.240 2.740
8 0.7664 0.9713 0.9819 0.9864
9 0 .6069E+05 0 . 6711E+05 0 .7193E+05 0.8798E
10 0 .OOOOE+OO 0 . OOOOE+OO 0 . OOOOE+OO 0 . 0000E
11 1. 00 0 1 . 0 0 0 1 . 00 0 1 . 00 0
12 1900. 1900. 1572. 1572.
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M A T E R I A L B A L A N C E S U M M A R Y
COMPONENT NAME FEED(S)
LB
PRODUCT(S)
LB
DIFFERENCE
LB
REL. ERROR
NITROGEN
OXYGEN
S02
WATER
SULFUR TRIOXIDE 
SULFUR
4.3925E+05 
1.3439E+05 
0 . 0000E+00 
2 . 5438E+05 
0 . 0000E+00 
4.8099E+04
4.3925E+05
6.2724E+04
1283.
2 . 5438E+05 
1 . 1848E+05 
0 . 0000E+00
1.188  
7 .1 6 7 1E+04 
-1283. 
-4 .4 3 8  
- 1 . 1848E+05 
4.8099E+04
2 .7035E-06 
0.5333 
-1.2829E+11  
-1 .7445E -05  
- 1 . 1848E+13 
1 . 00 0
TOTAL
FLOWRATE /HR
8.7612E+05 8.7611E+05 7.188 8.2038E-06
* * *  END OF SIMULATION * * *
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